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ABSTRACT

Energy management of ultra capacitor is proposed in the project. The ultra
capacitor is a high efficient and green energy storage component that offers intensive
charging and discharging current and performs a perfect reliability and cycling ability. In
this paper, topics are discussed for ultra capacitor-based system research and
application. First, a comparison among several parameter models of the ultra capacitor
is presented. At the same time, the characteristics of ESR (Equivalent Series
Resistance) and EPR (Equivalent Parallel Resistance) are described and studied.
Second, the methods of capacitance measurement. Third, comparison the self
discharge between normal capacitor and ultra capacitor that how long to keep the
energy. Finally, An application in machine; excite inductor to build magnetic field and

study other application.
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2.5 1995tilas@nuas Ultracapacitor

2938UYA84 Ultracapacitor azfidnwazedoiudnfiudszgnild laglduaas

G'fdzﬂ (Elulyuy first-order circuit model

- . .
AINN 2.10 LE®J The first-order circuit model of an ultracapacitor.

Each of the four circuit elements is ideal.

c — @1 capacitance

- enanuwmfisa
Rp — @187130@un uuuuIuu (Self discharge)
Rs — &A1 unuiuuauniy (ESR)

1

i ESR axflusngayi@uume Ultracapacitor Maafulszauazaioilszg gauen
« 1 A . 3 -/

Rp azdudgyifeiiiadlinny self discharge #wia A1ANu@A I LaY leakage current

' & ' Y . A r W ' ¢

Lazeq L udmnenaniwuadlasiaiuas Ultracapacitor S9azildndanann usdazlyl

v 4od o < o a ¢ a _a
mmmamu'lmua‘l"ﬁ'l,umimmuﬂmmngjamaqﬂmmm@lm
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. &xr-g:rf.l"o;r
harging

Porous, high-surface

ares carbon
Saparator
it 3 |- fodl E a0t rolytd
anotrose

Electrolyte Sepagator

ANA 2.12 wrasanwaslassaemelusas Ultracapacitor
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v ] U
2.7 mamamsﬂi:qneﬂmmu
NAAN MY Maxwell Boostcap Ultracapacitors "I,@Tﬁmauammwaaé'uﬁuﬂszﬁg 1y
°/ € . d' A o [ 8/ L% as
1%z lamiva Ultracapacitors ‘luaq@mmsmwmmmﬂmmLﬂuﬂaaleﬁwaamumﬂ
granisiagsening Saduantlnialaddas 09 varudaswauinIanaraiasilaiaa
gasnunsufild Ultracapacitors Usznevldds ffagiUnscididnnseiiag, susud uaz

aq@m%ﬂsmﬁu é’hasha'[w.wia:qﬂm%mmﬁé’nmumﬂmﬁﬁaﬁ

duslna(Consumer) — ndasddnea, uat-nal, aaudiaas, PDA, GPS, guUnsnidaila

69, ane, wasnuussenfiad, gunsalluimanns

Traction — NMIFANINLATAIHUAALTA, NITAIALALIUUINTO N, Uszgitariy,

Power supply 2183301313, NMITALTYUITIAY

21N (Automotive) — IFUSIAN 42 MARMITULENWAINUE, TTULEINN, 180
AuQuARULIMAN I, wdasriuflalnih,  dezedaludd, MILUTAVRITA I,

TREUA IR, TTUUTNTaRA s

AAIMNIIN — UPS, TTUUMIWUAY, TUNAINUTIDME, feaseuealuia (AMR),

as o a [ 3 =y a a 4 d' d'
WRIIVEITDIVDITZU VAN, Us:g}mnﬂ, ant, LATH, NMIRAFNTA 9

ATnnmainigasmnIsufianan URzBUe AUUULUIZUINNMS
Uszendld  Ultracapacitors  agiaiwanzay  mydszgndlinauysaiuunuazinanziiy
Ultracapacitors Usznaualy Pulse power, bridge power, main power W] memory

backup
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Pulse power

Ultracapacitors Lﬂll’l”ﬁ’m%'um‘sﬂ‘szﬂn@‘li Pulse power tananfsludIuel
N dassnanusiaudimafuwsruldldfainand fAsoamaail udwg@ns
MILALUAZ ﬂ’ltlﬂ‘ivi]ﬂuﬂ‘i"ﬁ‘}’lﬁﬂ’lw Tl UltracapaCItors farauuaudmeludr uaz
ganszuaglaauas vapnia Luann@ammunmm@lmai LWEJEJ@]E]’]UT]’]‘SI"N’]WHENLLU@]LGIE]‘S
lunida Ultracapacitors LNl LUOLADT L‘WEllﬁLﬂ(ﬂﬂ‘S"LLﬂﬁdl%ﬂ’l‘iﬂ‘i”ﬂﬂGﬂ’H\‘I’]u 5ias
ldgwivadnaol 1iu naasdvaes JruUTnOuelau3a was Regenerative  Braking

(FMILWRNULaUNAY)

Bridge Power

Ultracapacitors gn'l"EiJ's:'[ﬂmﬁﬂuwé'amua%ﬂmaluﬁm Unwsﬂszqnm"l%mu%q
gaamiltwasnuiuinule Usznevludan ssuy UPS I dwa3asnuiialiiy wiadu
waudIenad fuel cells Aundanunan luszunfidaaduaiasagunaiiia
W INUTATa9T1 UM U1 89551 Ultracapacitors anflufiarrundsauluszasSudu

' @ A a @ @
LLa:’sJ’ltlwadd’luluL&lauﬂ’]’l&m a\‘]ﬂ'lsvl@

Main Power

fnsunsdae zmGmmaam*smaa"lvdﬂwaamuna'mauqmamsmsaama
madrawilU sz lomd Ultracapacitors gl fidunasudadu dratsvas
malFU s Tomid el vaadu, TWarsanidy, auUnsalluiruanis, Solar  Cel,

wé’amuﬂizggn @

Memory Backup

widnsilss zJnm"l"nﬂiv'[ﬂmﬂumsmuwaaa'mvlwﬁ'flum UItracapaCItors la
mivldaglugadizasniauanudy, 5~UU1JQUG]H’]‘SL3JQ%ﬂ@]L@luLﬂ'ﬁa\‘l wiausdudlafia
wmqnIalddgy Ultracapacitors e faduasinwsouzzaaiutilduandunasnu
miaamamﬂmmmimunqmma'lun'imﬂLn@waamu‘lwﬂﬂamLr;m lufd AMR (ufivaad

muwmmuﬂaanm, Micro-Controller L822333 Memory
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2.8 snaztduauas Ultracapacitor
1 J v o a as a . A
ludniaslianudnaanuuazismyiasauidanla
dszinnuasssazldga

anugldit  umsd ad1luniagwiIa

C=QxV (2.9)
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AU ANUIIUNIUNITZUEA T
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msvnamasniiiannufoulundaiud fidnssualnas uaz Duty cycle M3
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dnmmaziandufiugrulunmmiwianafaudas: sntwaraamaihwianusan
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ANNHNIRADAINNATBNT ﬂ'wmm@Tmmuvl,wﬁl']Lﬂ?imuﬂmmﬂqmﬁgam”ﬁ
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YDIATEIEAR)
4 9

Peak power density NN13IAANAINBANULAINOATILIIABLAN FAAANBIALRNANT

2 A A Y o i . A M v e o @ @
V A z 19 R faamnudumunszussay s’fiamuvlwvl,@Lﬂumﬂmumaa"l,vdﬂwauum&u



23

2.9 Measurement Condition
2.9.1 eranag Wit @iwmwi}'l%lﬂwzgni'm:wiwnwmnwé’amumaoqam%

ca 5y o P A e o ¢ a2 1+ d A A o w P
ﬂ"llhi‘lﬂ@]ﬂi@]')Uﬂ']iﬂ\‘]'ﬂﬂitu,a mnm’umnnmhaw ﬂdﬂ?ﬂid“udmadm@'ﬂqﬂﬂljaﬂ 1N

Judua mmmq‘MW']ﬁwmm'lﬁmn

c="a* Iq
V“, - Vf
c-£
\%
= Idt
CcC= V., 2.10
Jav (2.10)
1
2.9.2 A1ANAIBNIN mngﬂﬁ 211 anugumulndInIzLaass wia ESR 1
AWk ldan
ESR=_J @8
I,

ESR = %‘i ren)

fda = [idt
Vdt
faa = | —
RT
R, =ﬁuﬁ1ﬁnﬁmmﬁu/Q (2.11)

2.9.3 Efficiency ,,:W% - R/(R LR (2.12)
C L ESR
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mam:uzﬁﬂvx STz 19N
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2.9.5 Performance Characteristic ludruitazatun HWORNITUY asathdmad
o d . o & a . d 4 . - v

melddeulanmaviianuaais aondl  dc  cycling  AND mmagaﬁmﬂmniﬂnn

=t a Qv & L3
TURCLALAVDINRAN TUH LLa:EﬂLLUUﬂ']il‘H

2.9.6 Temperature effects, Initial performance UszEnTninvaiganing
o a 1 o 9 A 3
UhdLaasuaiMaxwell aunsarnnldlutiammgiiniag giitasnniniaaluaznig
a o & S/ : v & A Aa as & '
momwraindanmd nsuisurasliifuiiniadueisasdranugliiuazenu

shumuluzisaanniiviauszwing -40 - 65%
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Performance vs. Temperature

1.6
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4 Ea N

s\

1.2 \

11 DN

1.0 * o \'—.;—_______‘
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0.8 . " . ‘ " "
-50 -30 -10 10 30 50 70
Temperature (C)

Relative Performance

]-t—Capacitance il Resistance I

nnn 2.14 LL&mm’mé’uﬁuﬁszijﬂs:ﬁﬂ%mwﬁuqmﬂgﬁmaa@hcapacitance LRzen

AMNUMUNIY

Naﬂs:vmmaaLLsaﬁuLLazqmﬂqﬁdamﬂﬁam mﬂ‘ﬁﬂs:lﬂ‘ﬁmfﬂaaqa@ﬁﬂﬂﬁm%
aslauyaluinn ﬂs:ﬂqﬂmﬂlﬂm:uuﬁwsaﬂwﬂw ms%'m:m:é’uLLsaé'umauqam%mﬂﬁ
FLoa5nusIauUNAIBNIN=T AU DINITIE I UA NN INULEAI AL AUINTNRVAILTIAY

mawﬁmﬁmsﬁ oA NTaINNaLIIa% HRSHIIAUNTH ﬁqmﬁgﬁqaqﬂmaaam's:

WINRaY

*ﬁaa&aﬁmﬁammﬂwﬁmﬁmﬁmaq Maxwell Technology Co.Ltd.
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Capacitance Life @ 65 °C

110
105
100 -

95 -
90 - T
85 T~

80 T~
7 27V <

70

% of Cg

25V — |

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Time {hours)

AINN 2.15 LLam"L@TLmum'm@mmaﬂWWﬂﬁﬁuﬁuﬁ‘ﬁmﬁya:@mmawﬁmﬁmsﬁ nWLe

ugastlaEnTwaresgmnpindnadmiunng 10 asmuwafos mansariug
rzinimwluGenlafinarnuaisannmn

30% reduction in rated capacitance may occur for an ultracapacitor held at 2.7 V after

5,500 hrs @65°C
11,000 hrs @55°C
22,000 hrs @ 45°C
44 000 hrs @35°C
88,000 hrs @25°C

15% reduction in rated capacitance may occur for an ultracapacitor held at 2.5V after

5,500 hrs @65°C
11,000 hrs @ 55°C
22,000 hrs @45°C
44,000 hrs @35°C
88,000 hrs @25°C

*ﬁayaﬁwﬁommnwﬁﬂﬁmﬁmaa Maxwell Technology Co.Ltd.
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ESR Life @ 65 °C

240

215 ,/

27V
o~

190 /
165 /
140
115 % e

90 4 " ; " " " . . " . y
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Time {hours)

% ESRg

oesmsesors]

e 25V

ANT 216 LRAIANFUNBELBNNITAARITAIAM UGN WV BINAAA M 3NN Lol
ugasflidnvasamnninng 10 svataaidos lunsiwsdszantmwnsdadszaf

Gaulvfinaswars annnn
140% increase in rated resistance may occur for an ultracapacitor held at 2.7 V after

5,500 hrs @ 65°C
11,000 hrs @55°C
22,000 hrs @45°C
44,000 hrs @ 35°C
88,000 hrs @25°C

40% increase in rated resistance may occur for an uliracapacitor held at 2.5 V after

5,500 hrs @ 65 °C
11,000 hrs @ 55°C
22,000 hrs @ 45°C
44,000 hrs @ 35°C
88,000 hrs @25°C

o/

* agaﬁwﬁw’mﬂwﬁﬂﬁmﬁmaq Maxwell Technology Co.Ltd.
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2.9.7 M3ADUAKDIAIING
v/ a e ;dl a =4 A ' a (4 = ~
aaainthfee fnsldasiiandszinm 1 3wd wikdasfinasziauiisiai
feglunsdadszanihdiaat 63.2% vaansdadszgian wia nsaeiszy 36.8% vas
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NINN 2.17 LEGIANIUEN1ICharge LLaz Discharge 189 Ultracapacitor

AasfinavasmihFieasaarginii electrolytic mihdined azuudaduldlald
fiazugasaaafrathfieaiinszusiuitladaiiias as overheating may result gaaian
U"FLaasau1InnaUEWaY short pulse power demand, WalihavandszBnTniwedlasn

G s A ¥ 4 ° v o v VR a A
nasa wasnuiezluszlond gninldaess deguawldusasliitiolsinininaes

9/ o & A 1 v s 3
gaaiathdiaeifanuiidneeg mIaaasvaddianug iwihlumsdadszy  luszwiw

o A A a X A o v
msaﬂﬂs:gua:mUﬂi:qa:ﬂaaauwanumﬂlugw?umamwuaLanIﬂsﬂ RIS LR
capacitance NAALEWDIVEIIANTIUANAIN L UGD Ultracapacitor i lddrany

Fumuwneluanad

*ﬁa;&aﬁwﬁammnwaﬂﬁmsﬁmao Maxwell Technology Co.Ltd.
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4 . ;
2.10 86 — Ta1dy WallSaufisunuuuaiaas
§nuensYinnuad Ultracapacitor 15HBaWAI9U 1A wazanansaiivthzale
' « v = o ' a v A
atesaaise arndrumunielufitag(ESR) aruiTossuasiiunszualags lusmen
d . g o & . .
wuaaaddaranudumumelugs degtuil uttracapacitor su1Inipower density §4

nin 20  kWikg
. fod £ -1 [] .Y ] Jd 2 J "
Ultracapacitor mmmam‘lmammmﬂ LLa:a’lll’ﬁnlﬂﬂu’luﬂ’)’lLLUGILG]E]TE]HG]’JU Lau

i e d e s I B
uanmnu‘lumm:mmmmam a4 mia@ﬂi:yﬂunmmu 139]

Ultracapacitor 1l afuuuaiaas fezdisinaluaniizidesnig faulunuinula

A o M o o 7| A e e e o A o a v A
‘D\‘ILLUGILGIEITIM‘)INVL@I LLRZEJ\‘]’H’JUﬂ@lﬂ’]ﬂaaﬂ'ﬂadu‘ﬂ@lL@ai‘lﬂ waagdtluliasnuasaaauan

ae

] o (
2.11 Haf — daidy wailSaunaunuailidiaaIuuusIsNa
. P=1 ar o Qv ' Py ¥ b =]
Ultracapacitor '«J:uwaamuua:nwaﬂwﬁ'\gquwmﬂwmamnummm uazeail
e g A e M A4 e a X oda
awaluginit vldsansafiowdinuldinnnids Gmilefivandwiufafuiiomihaes
wriswaniduwialnginit uasvinnninaluladadolnal favinain woven carbon
. A ad Ada LY v = ° v . o 3 .
fiber textie afiRuAAmlngjann 3avih W Ultracapacitor fisnanuannniilumiag

pasmhia (F) dauenfthiimassmenddlumboeslulasvhia (4 F) dausadluana

- Electrostatic

Parameters: L s Ultracapacitor . Battery
He -~ Capacitor SR e T
Dischargé Time , 10°~10"sec 1~30 sec 0.3~3 hrs

” -6 -3

10 ~10 sec 1~30 sec 1~5 hrs

< 0.1 1-10 20~100

< 10,000 10,000 50~200

e - ~1.0 ~10 0.7~0.85

Efficiency

 CyclelLife Infinite > 500,000 | 500~2,000

ias Battery

A159971 2.2 anTsuaasTalIaufiouszning Electrostatic Capacitor, Ultracapacitor
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2.12 Damped Oscillator
a - | [] & [ ' . .
N1InhInIa Damped Oscillator Wumsniasle BuUkagNY a1 RLC Circuit

. A o A -] v oa . v -~
I(ﬂﬂLQ‘W']Zﬂ']ﬂ'J’]llLWNEJ'JW] mﬁuamlmn@m*mmw 8\1ﬂ‘S:LLﬁTNZﬂ’]Uﬂ?ZQ%’]ﬂﬂ’JLﬂU

ﬂﬁqumws

AN 2.18 LEAI2993 RLC

A a A Y ar ar Puy a a =1 T a

131817433 RLC T9lsznauaig @aa1unin, @LRieIun, mmuﬂs:q lasdany
A =3 (4 Gx a « 1 v 1

WLUBRATN USHANARIAT NIa = 0 mmuﬂs:qa:mummmﬂs:gaanmlam'm

SIUNIBLRZA M UWTRE1N 1 W9ee

AU HadamEaITAITaT UM IR wazdnpurmInihuLdw g §

a

&
120NAEY

2
d 2Q+R‘—ig+g=0 (2.13)
dt d C

N L

4 ' ; 4 s
IMIFUNT L&laLiJuﬂ']‘S'ﬁu'NLLUU Exponentlal "J.lEl\'iﬂfﬂu‘IL‘Uu

a:‘lﬁ'aumﬂ AILTIAWURZNTZUF fa

V
[(t) = —¢ % sin St
(2) L B (2.14)
V(t)=V,e ™ cos St (2.15)
lag
1 R
F=\1c 4
R
o =X



= o - 3
s R*c?4Lc fianilwuan Sana1 Over — Damped
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2.12.1 Resonant Frequency

X e ¢ o o a
a&lﬂ’ﬁma’mLﬂun'ﬁLLamﬁdn’ﬂuﬂjENL’JG’] WRZAIUD DUST 1IT LC 3ztnan1y

. -
¥Ui1 angular frequency fa

0=—— Radians/sec (2.16)

f=—— Hz (2.17)

4

H a v o g
wasanrsadasunaulihiuaunanld asd

T =27~ LC Seconds ' (2.18)
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a [] [
2.13 NOHNIIIIUNLAAN
2.13.1 Magnetic Circuit

® iy Parallel Circuit

H ) L% [] 1 A Qr Qs
99 A afiugad dne Lt anannn T3 TAILEAIANN TN

L, g‘ﬂl
o @

AN 2.22 LEAINATLNLAANLLILLNL E-

N Ampere’s Law;

Ni = {H.di

Ni = Hl

Ni = N (H = B, (2.19)
Ho Ho

e g, = 4xx10”
H fa Magnetic flux density

I @a Average length



34

Tagaranumuniusiu(R,)

R =— =R
IUOAg
l
R, =R, =—~—=2R

0

R =R, +(R, //R,)

WTITRT T R, =2R
2
wae ' L= g— (2.20)

$ = $, + ¢3 (2.21)
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N1saantULNIINA[DY
3.4 MInadsUNIAINITRRaTEN quasaatiuy vy
Taunisnaaaslanld1995 RC Time Constant Usznaulddrsunssdnanszugase
(Ve ) Audumuiiianszud (Ry), Aasp1iauss@anisa (S1, S2), ANUMUNMY

] [P . A‘ a a s
Tna@ (R,) output port diaagnu Oscilloscope VNI ANITUETITY, AET1IT UATUIIAY

AsanaiuLlIEl
c S$1 S2
¥L . __ ' b
RO a
Ultracapacitor ‘RL

DC Power Supply

l

AN 3.1 LRAIIITINTNGRB

A a o o e A [ P A @
Wamfadegiiine S1 HluddarsasiilaussduiiaRing uaz S2 dlose Liali

Ultra capacitor muszale R, mnuwiadiuaziuiinea
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A a -
M1919N 3.1 i’an:LEJUﬂ'uadﬂ’lmmJi:?

Device Name : Zulex

Device Physical Characteristic :
Status : Single cell
Mass (kg) : 1
Dimension (cm) : 7.5
Area (cm?): 44179
Volume (cm’) : 949.84
Working Voltage (V) : 18
AT 3.3 MWLERINITNARBITI
ASn1Inaaay
e gfailszqlauns Constant Voltage fiusaew 20 laadlasld DC Power
Supply 35V-3A
® % resistance R, IManszua Sanszuadt wadwdraaufivlz
° i’@LLiq@TuﬁéTaLﬁuﬂi:'gIﬂu'l"'ﬁm‘%aa AR 1100A Faaziaaanunludnyme
nyuazdaya
o mnfumuﬂszq’ldmwﬁmmu R,
[ ]

LﬁmTaHaua:ﬁmwm‘dwwwswﬁmaﬁf@m %
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3.2 999N IAAnTTuaBuWad

R

Ultra capacitor L

1|

i & o A a e
nINN 3.4 Naiwug'mmammimaaamin’uuﬂni:uaauwaé

o a ar o ar g
ﬂ’]iﬁﬁx‘mizuﬁauwag i]:mﬂtmaﬂnﬁi’uEl\‘l’N’\liniﬁuL‘Imuﬂr aa ﬂ’]iLﬁUﬂ‘i:'«g
" a e o R { [ ° a o o e a o
@I'Jﬂﬂﬁiaﬂlhz’glﬂﬂUﬂ’J Ultra capacitor ﬁLLN@]WYI'N"IWU 299734 LLGQGUGQ@‘ELWQ
. ‘ o o o [y < v a ' -
Dlscharge ATSURNIUAAILRUEIU L uazandaiunik R ‘luﬂ\‘]fﬂi nﬂ:lﬁl;n@]n’]i“u'lﬂ“‘ia

a & 4, Mo & o { o Y
aaaﬂnata@mummﬂi:LLaﬁ‘lmzmuagnummmmﬁmmLLa:mmmumu
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3.2.1 AMTWATAMNHIARWEIW

Critically — Damped

A 2 2 &
1ila R°C™4LC ﬁmtﬂuquﬁ

R'C’ = 4LC
2
L _ R°C
4
Over — Damped
Wla R°c’4Lc fiduiluuan
2
L - R°C
4
Under — Damped
\la R’c™4LC fidniluau
2
L S R°C
4

LOver

38

LUnder

F 3

v

Over Damped

Critically Damped

Under Damped

NG 3.5 MWLERIURWEITaINTAG Damped lunsdldg
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SATITVHANIITNAADY
N IMaaaIMsdaszy a=nuFnsn LTI suasnIsugianwusiduwuuniy

'
a

(ANTUUUL  Exponential Tagfanusrunuinnanszuaddrannazyhlinwidaeg

De

) a s v .

WiafRiadrauaznuiussdwiag (7, ) vesdufiuszgilddsanm 18 v
nmInaasnInelszy dnwuzvaanveziisnsuaiuiuumIsasuy

Exponential aunqe{j1ad RC Time Constant Tasussauazifsuussaunmlag lay

Aanudunulnaadenienmelszaiinifinnadunulaags
wananiganuinlusmsiinsdadszy arfnsiianszuaialna (Leakage

A a ﬂ‘: e 3
Current) mmﬁ]‘lmmummaommaommuﬂs:g
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4.2 Capacitance Measurement

<+ ar a o ﬂr
ﬁ):‘l’n%anm'smuﬂqwgmaa RC Time Constant LLazgmmuﬂqmg [N)PY
1N C = Q
Vv
. ’]-Idt
.. C= |77, 6
dv (6)

il
C Ao ¢ Capacitance
v, @a ussaurinau
4 X e .
Idt fia Arvesdufilaninantn ¢ -1,

FyzninenszuanursnIsays=y

&

AN 4.7 MAWLESINTINANUTUNY
fanudunw 100 Tary

A & ar %/
2y flunmesnszus() Huaan () 3eld Q sanan

C= 24.9 =1.33

=|

C. C~133F




a [] [3

4.3 n153aa1 C wuunisaauuuidnshhmwwidua
< o ' . ve g
Huminanadiite Re — test lunsmadn Capacitance uaadns leaddalili

@13191 4.1 uamnm‘lumsmuﬂi:qmaaﬁuﬁuﬂszqﬁ R = 513.066 Q

Vc a1 (Ann)
(had) adiit1 | adafiz2 | afois @A
20 0 0 0 0
18 4.1 3.2 3.1 3.467
16 18.5 14 .1 12.5 15.033
14 57.8 46.2 41.5 48.500
12 117.7 102.1 95.8 105.200
10 195.1 177.7 169.9 180.9’00
8 294.7 277.3 268.0 280.00.0
6 429.9 412.5 402.0 414.800
4 634.7 618.9 606.1 619.900
2 1033.7 1022.2 1003.8 1019.900
1 1520.8 1509.8 1484.2 1504.933

@135191 4.2 nMawA1 R, 30 Vi-

R =500 Q (Name plate)

9

au

Method NamunNnay ~ 25-27 °C

wssawilawid(v) | 20.008 15.008 10.005 5.002
ATZUE(A) 0.0395 | 0.0295 | 0.0196 | 0.0095
R 506.532 | 508.746 | 510.459 | 526.526

Riady 513.066
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 Voltage Graph
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[
1

c

e e

A e —

e Rl R R

A

lunnseneds

AWNULIRN

8 MWLFEAIANNFURUTTZUINIUTIAUN

ANN 4

9

Al

UNIW 513.066 Q

v

NAMUA

|
1
|
3
!
I
'
T
|
|
i
1
|
i
+
|
1
1
3
!
1

2 lasnhilu

9

ar
o

Tunrsaneds

UNLLIR

AITIUTIR

a
o

6

RUNUDY

9 NTNLFEAIANY

4

=X
ATAN

nu 513.066

]
=

UUY semi-logarithm Y191314QU



-7,
N V.=Ee Ve (T - Times Constant, E — Voltage Source)

Tag
Ve = 0.368*20 = 7.36 V
T,,=301.28s

R = 513.066 Q
.. C=1.353F

\§i5 Take Log l@mun13thesiu uazaannsw semi-logarithm 316l

Slope = —loge _ -0.434
RC RC

—1 |
logy1 ~108Y: _ 44973 x 10~

- Slope =
X, =X

. C=1.343F
dﬂLﬁUﬂi:fgLaﬁu
C=135F

INTIZRS WY

@1 Cuuy RC ~1.35F

Percentage difference
2|x —x, |

§ < 3 '
talluannuLanens =
X, tX,

<. 9% diff eI RC Suupumsaaaduuutinliiwmien ~ 0.742%
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A1519N 4.3 u.amnmm'smUﬂs:qmaammuﬂs:q‘n R = 400.934 Q

Ve 381 (Inn)
(aad) | afii1 afifi2 | adiiis @A

20 0 0 0 0

18 29 2.6 2.4 2.633
16 134 1.4 9.6 11.467
14 38.2 33.5 294 33.700
12 77.3 68.4 66.7 70.800
10 1334 124.7 120.3 126.133
8 213.9 200.3 194.5 202.900
6 317.8 311.4 299.3 309.500
4 480.5 471.6 462.9 471.667
2 803.5 7954 789.4 796.100
1 12174 1206.7 1191.9 1205.333

@157971 4.4 D1 R, 910 VI — Method Naasmniivias ~ 25-27 °C

R =390 Q (Name Plate)

aau

usvawilawtd(v) | 20.001 15.001 10.004 5.001
NIEUE(A) 0.0505 | 0.0379 | 0.0251 | 0.0121
R 396.059 | 395.805 | 398.566 | 413.306
RiaA8 400.934
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Discharge Curve at R =400.934 Ohm

o3

wAvLa lwnsaes
934 Q

ar

SHINLLTIN

&

4.10 NMNUFEN ANNTUNUDT

a

F-——— - -f--—- - - 1o =

I
|
1
)
I
l
¥

I
AN

9

3

LY
o

lumsaneils

AUNULINT

400.934 Q

as

v

SNUVBIUTI

-ogarithm NAUFIUNIU

400.

1

UNIU

Funninineaiaen

as

A
NANUAN

11 PNUFAIN NS
Tasnswiiuuuy semi

4

1
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-T
V. =Ee Vrc (T - Times Constant, E — Voltage Source)

N
lag
Vc = 0.368*20 =7.36 V
T,,= 237.012 s
R = 400.934 Q
UNUA LEUNT

2eled .. C=1.36F

\§la Take Log lasunmathadu uazanns semi-logarithm 3:1d

Slope = —loge _ —0.434
RC RC
1 -1
Stope = —EN 7982 - g 2062 x 107*

X, =X

wld .. c=1.32F

ﬁ’\Lﬁuﬂizgmﬁﬂ
C=1.34F

INTIZRIUU

@1 C uuy RC ~1.34 F

Percentage difference
€ & & . 2| X — X, |
astouaauuanay = —————
X, +x,

C. % diff ST euUY RC TULUUMIWIANOMNTY ~ 2.985 %

t [~ 1 a [
mmnﬁszaﬁﬁm’mnnﬁmfﬁmg RC Time Constant sianiszanos 1.35F

v, diff s suuumnwilanTinuazuuy RC ~ 0.738 %

@ zHanIsSNAaad
mnm?ﬂﬂaaom@hﬁqtﬁuﬂi:'«gluﬁaLﬁuﬂs:qﬁvlﬁﬁnm &411i3 Datasheet Wi

e A

- a 3 { ' 1 ar A (<3 t a 1 as
NNITNARBINANE S AT ¢ C MaAdauananuly Fafuandrenuldanin i

agﬂ"l,ﬁ'hmLﬁuﬂi:qluﬁdLﬁuﬂifz'«gﬁﬁ@hﬂs:mm 1.35F



50

4.4 ESR Measurement

o . & Y o & &g o &
n1InaraULwanIal ESR 1%%L5’]ﬁ]$1"]j‘ﬁﬂﬂﬂ’ﬁW%ﬁ’W%ﬂ?ﬂﬂ??‘ﬁ?W%ﬂl@lﬂ‘i’Ww A%

ESR = ar #3a

fda = [1dt
Vdt

fdQ = [ =
RT

R, = WniiladnanWissaunasanESR drop/Q

= (R =ﬂ’)’13Jéﬁ%W1%I‘ﬁﬂGl,R = ANUATUNIWIIN
ESR= R, - R, (R, r )

Nagad ESR

[

Hazad ESR + R,

F T T
e e e e m g e -

[ RPN [
[ I

ANN 412 mwLLzmaLLsaéfuﬁ'unaﬂumSﬂ'mﬂ's:g LAZLRAINATAIANNAI NI nAT e 1w

URZAUGIUNIWINGS Lﬁaﬁﬁmsmﬂﬂs:ﬁ;

yinnaiflunswzasntzus() funa @ 39lde Q sanandsdiag 2

fa3NNAeY ESR a819Lf Wazna9n ESR N mmﬁmmu‘[ma



< 1 P a
M1319N 4.5 N151%1A1 R, 310 VI - Method ﬂqmnnuv'faa ~ 24-26 °C

R =100 2 (Name Plate)

wssanilanwtzn(v) | 20.004 15.003 10.003 5.001
NILUE(A) 0.20668 | 0.15031 | 0.0987 | 0.0488
R 96.787 99.814 | 101.348 | 102.480
Riaay 100.10772

@319 4.6 N15W1A1 R, 310 VI— Method igaeuniines ~ 24-26 °C

U

R =50 Q) (Name Plate)

wssawilanidn(v) | 20.005 15.007 10.004 5.002
nszUaE(A) 0.4266 | 0.29876 | 0.19871 | 0.09447
R 46.894 50.231 50.345 | 52.948
Riadn 50.10457

@319 4.7 N13WIAT R, 970 VI Method Namuniivias ~ 24-26 °C

U

R =20 Q (Name Plate)

usodwilowd(v) | 20008 | 15.007 | 10.002 | '5.006
NIEUA(A) 140972 | 07569 | 0.47566 | 0.2329
R 18.030 | 19.827 | 21.028 | 21494
RIaA 20.09484
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o

® NINATFILINBRIAN

<371 R=20Q

ESR launisanuds
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1

&

Coulomb graph
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Q after drop

e
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ar
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s ar 6
FUWUDT
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4
NTAN

= RT‘ - R,

ESR
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AAIITHHANIINARDS
. i d ' o o d
INNNINARBINDIN A1 ESR finaasdazliarlndidsenu Mdseann 0.55 mQ
LASDATIHINTEWINIAT Q 3NKATY ESR Tupmsusisuanuuunuinulanudr Q 37n
o & A o f o v o a ™ P a P
WS I Ina risanduilndidvedu Aedszunm 11190  Fulahanfaidu
0 - ar o o a = A
Wosidud 3xlden Q 9nHa89 ESR Iusmsusssuanuuunudinula dadlu 0.55% GREY

[ o o ] ar &
NﬂuﬂUSJ']ﬂLlJaLﬁUUﬂUﬂ'IWﬂN'IuYNﬁN(ﬂ
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Coulomb Graph
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Power Graph

0.35 T

03f------

025 ~-----l-------

Current (A}

Voltage (V) ..o ¢
AN 4.27 IWLFIANNFN AU IZRINNTEURNLUTIAH

wiadtas Wi lunnsan Uﬂi:ﬁg

Maximum Energy Density

Angas E= %CV2 (V = Rated Voltage)

E= %*1.35* 20% =270 J/ kg

Energy Density

INNNIINAADI ETG]‘LIE:TQ

an E= t]‘Pdt

. 9N E = 267.00 J (W-s)

Power Density

P =0.074 Whikg
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Energy Density

INNIINA[DIMN mh:fg

an E= ,]Pdt

INNT N E =244.74 J (W-s)

Power Density

P=0.07 Whikg

SLATITHHANIINAADI
' [ A o A o ~ ar [ .
dnasudlslunisdadszadavihai suAUWaIUlumMInMelszandna

STz 50 Q wuhidwasnufisanunIafrnunsadawasauanlaled

24474

aszunn = 0 x100% = 91.63 %
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Coulomb Graph
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Energy Density

L ‘J ¥
mnmsmaaaa@ﬂ‘s:fgwﬂ’numumu ~ 100 Q

an E= I]Pdt
E= ’]Ith

. 3NN E = 265.00 J (W-s)

Power Density

P =0.073 Whikg

Energy Density

d [y
TINNTINA[DIAN Uﬂ‘itﬁ)“ﬂﬂ'ﬂ&l@’luﬂ’]u ~ 100 Q

M E:’]'Pdt
E:’]'Ith :

1

. N E =241.42J (W-s)

Power Density

P = 0.07 Whikg

ALATIZHHANIITNARDI
' a A [ A ° = a as A
awasuildlunssadszaieh wfisurunasnulumnolszgnaany

drunutlseanm 100 Q wuhifnwaufissnuwsfisunsnaewasuwniglad

241.42

ayszue = J x100% = 91.10 %
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Power Graph
15

Voltage (V)

3000
Curent (A) ..

2000

AN 4.34 NINLRAIAINUFUNUETENININTEUENLLIIAN
viammas Wi lunmsansdsey
Energy Density

IINNINARDIAEY Y

L
.

.« NN E =257.22 J (W-s)

Power Density

P = 0.072 Whikg

FLATIZAHANIITNARDS
' [ PRt [ P> P @ @ A
Anwasnuildlunssadszaiiathanii puruwasnulunsmelzandia

aunIwiszunm 100 Q WU NS I U A 8 BN D RFINNTDAIWAINUIN LT L)

adszunn = mxlOO% = 9527 %
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asduanimaasd

n?uaaaa@m Ultra capacitor fivinan@nwnit & aunsndvaeninldluirmeniled
dUszanm 5.3 KA lutranamiiaaudul sz 50 us LRz IR MAIRARL TN I
200 us Luammﬁ@\Lﬂuwﬁamumm:’ﬁawm:‘nm@ns:uagm fif Q = 0.125 gaau],

La"J'ammﬂs:ﬁgﬁmmﬁmmﬂmﬂ R=50 Q azilf Energy density (Jucdn1l3zq)
WYy 267.09 J , Energy density (tzA01/529) = 244.74 J fi1 Power Density (Buzaa
U3z9) fuviniy 0.074 Whikg , Power Density (wmzapiszq) daviny
0.0680 Wh/kg

ijamnﬂs:qﬁmmﬁmmu%a@ R=100 Q 9:ilfn Energy density (Ynuzda
Usz9) iU 263.00 J, Energy density (tuzanalizy) = 249.9244 J fin Power Density
(vtuzdaiazy) HAinl 0.0730 Whikg Power Density (vouzpszy) dduvinu
0.0694 Whikg ‘

LfJammﬂs:qﬁmmﬁ'\umﬂﬂa@ R=1 mQ 3:3@1 Energy density (Vtheag
132q) iy 257.22 J, 1 Power Density (3tzanuylazy) fiduiaiy 0.0720 Whikg
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4 S) ez wssnuiaweaninldiulfiaauszanos 200 ms
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4.6 Leakage Current
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4.7 Self discharge
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4.8 NSNAADINVIHULAAN

® JITNIINAA[BDI

()

+

AC 0-220V @ @ N=88 Tums

l R=0.025

AN 4.43 NMWLFAIIIITNITNAR amwm&imﬁn

L 'aaasmsvmaaamd'lm'mﬁﬂuﬂﬂu‘luaw
I

-

DC C’) R §

1

mwﬁ 4.44 LLaﬂ\'m’]TY](ﬂaE]Fﬁ’]?i’]ﬂ’ﬂ&l@l”\%ﬂ’]%l%ﬁ’lﬂ
® (Circuit Model

oW\

Rluge= 0.65 Ohm

L=37mH

F

NN 4.45 LRAIATNIIIANLG E]i(’ll 2ININN[D

A15191 4.9 LLammsmehmmﬁmmu‘[umﬂ I(ﬂﬂ Vi-Method

7 Voltage (V) " Current(A) | R(Q)
10400 1.6670 0.6239
1.4583 ~2.5000 0.5833
2.0833 2.9167 0.7143
25000 3.7500 0.6667

R average 0.6470

73
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A13191N 4.10 HANTINARABIAINN §) NTBIBINF 1 .
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Current Voltage Pl L(H) mmf Bmax Hrms
1.00325 10.1599 89.19 0.03223 88.2860 0.07 114.1487
2.00018 21.4877 89.10 0.03419 | 176.0158 0.14 227.5782
3.00527 33.6018 89.19 0.03559 | 264.4638 0.22 341.9363
4.00052 45,4132 89.10 0.03613 | 352.0458 0.30 4551747
4.99036 57.4942 89.10 0.03667 | 439.1517 0.37 567.7976
6.00481 69.5976 89.10 0.03689 | 528.4233 0.45 683.2206
7.00481 81.7517 89.10 0.03714 | 616.4233 0.53 796.9994
8.00904 93.7766 89.19 0.03727 | 704.7955 0.61 911.2596
9.00207 105.8350 89.10 0.03742 | 792.1822 0.69 1,024.24
10.0077 118.4230 89.10 0.03766 | 880.6776 0.77 1,138.66
11.0086 129.8790 89.10 0.03755 | 968.7568 0.84 1,252.54
12.0051 | 141.4050 87.84 0.03749 | 1056.4488 0.92 1,365.92
13.0056 155.2300 85.68 0.03799 | 1144.4928 1.01 1,479.76
14.0130 165.9750 86.94 0.03770 | 1233.1440 1.08 1,594.38
15.0335 177.5440 85.14 0.03759 | 1322.948 1.15 1,710.49
16.0189 188.7160 85.14 0.03749 | 1409.6632 1.23 1,822.61
17.0264 200.3400 85.32 0.03745 | 1498.3232 1.30 1,937.24
18.0062 210.4480 87.12 0.03720 | 1584.5456 1.37 2,048.72
19.0091 220.9280 86.94 0.03699 | 1672.8008 1.44 2,162.83
20.0009 229.2780 85.50 0.03648 | 1760.0792 1.49 2,275.68
21.0167 237.8700 89.82 0.03602 | 1849.4696 1.55 2,391.25
22.0027 245.5210 84.96 0.03551 | 1936.2376 1.60 2,503.44
23.0163 251.5280 85.14 0.03478 | 2025.4344 1.63 2,618.76

- 24.0015 256.8450 86.76 0.03406 | 2112.1320 1.67- 2,730.86
25.0027 261.6110 85.14 0.03330 | 2200.2376 1.70 2,844.77
26.0140 265.6180 84.96 0.03250 | 2289.2320 1.73 2,959.84
27.0188 269.5680 86.04 0.03175 | 2377.6544 1.75 3,074.16
27.7078 272.1230 84.78 0.03126 | 2438.2864 1.77 3,152.56

L average | 0.03676
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® Magnetic flux (¢)

‘?11 N = 88 turns

N @

76

Ni
R +R,

A : .
AT BN 4.11 LFAINNTRIAT Magnetic flux

Current (A) Flux(¢)
1.00325 0.00042
2.00018 0.00084
3.00527 0.00126
4.00052 0.00167
4.99036 0.00208
6.00481 0.00251
7.00481 0.00293
8.00904 0.00335
9.00207 0.00376 a
10.0077 0.00418
11.0086 0.00460
12.0051 0.00501
13.0056 0.00543
14.0130 0.00585
15.0335 0.00628
16.0189 0.00669
17.0264 0.00711
18.0062 0.00752
19.0091 0.00794
20.0009 0.00835
21.0167 0.00878
22.0027 0.00919
23.0163 0.00961
24.0015 0.01003
25.0027 0.01044
26.0140 0.01087
27.0188 0.01129
27.7078 0.01157




P . a
AN 4.12 LLE‘T@Nﬂ’]iVﬂﬂ'}ﬂ’J'}&Jt‘TfyLE‘TU (Loss)

Current Voltage (V) Loss luang Core Loss
1.00325 10.15990 0.6542 0.1441
2.00018 21.48770 2.6005 0.6751
3.00527 33.60180 5.8706 2.8548
4.00052 45.41320 10.4027 5.1361
4.99036 57.49420 16.1874 7.2102
6.00481 69.59760 23.4375 6.5644
7.00481 81.75170 31.8938 8.9949
8.00904 93.77660 41.6941 16.5154
9.00207 105.83500 52.6742 14.9649
10.0077 118.42300 65.1001 18.6154
11.0086 129.87900 78.7730 22.4581
12.0051 141.4050e 93.6796 63.9821
13.0056 155.23000 109.9447 152.0742
14.0130 165.97500 127.6367 124.1555
15.0335 177.54400 146.9040 226.1303
16.0189 188.71600 166.7934 256.1145
17.0264 200.34000 "~ 188.4339 278.3112
18.0062 210.44800 210.7451 190.3943
19.0091 220.92800 234.8748 224.1840
20.0009 229.27800 260.0234 359.7951
21.0167 237.87000 287.1061 15.7056
22.0027 245.52100 - 314.6772 474.5831
23.0163 251.52800 344.3375 490.4724
24.0015 256.84500 374.4468 348.4178
25.0027 261.61100 406.3378 554.1606
26.0140 265.61800 439.8733 607.0330
27.0188 269.56800 474.5101 502.9921
27.7078 272.12300 499.0194 . 685.9843
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4.8.1 N1INAaas Damped Oscillation
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o MIIAIRIMAIAININEEMN N Critically — Damped

lunsdl Critically — Damped 158 R°C*-4LC fiddugud

TRl RC = aLc
. _ R2C
4
. _ 0.73458%x1.35
4
L = 186.743 mH

. &, P o A o . A e
FINWANANIATEIN NN Excite ad3RA1UszUN 4 186.743 mH
- ¢ e
LRZATNALTITUUUY NNy
i i

f= = = 0.316Hz
27JLC  27+/0.188083x1.35

| . = o A
A1391 4.13 NMTNeasIRIAIANNLKRLE1UN NTadeINTe 0.3 mm. N=107 Turns

« Current (A) | Voltage (V) | . degree L(H) Bmax
1.0013 53.5320 81.0000 0.1681 0.3480
1.5023 | 87.5611 81.0000 0.1832 0.5691
2.0085 122.0340 80.4600 0.1907 0.7932
2.5059 - 156.9180 81.6300 0.1972 1.0200
3.0137 192.1220 82.4400 0.2012 1.2488

L average 0.188083
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9%l
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L
_ 1077
" 0.188083

R, = 60872.061 At/Wb

R, = R +R,

21

RS R, =—2% = 60630.4545 At/Wb
/’loAg

R, = 241.607 At/Wb

N 2

INMTATUITE L=—  (N=107 Tumns, R =60630.4545 A.YWb)
17

L= 0.188835H

Percentage difference
¢ & € ' 2' Xl —X2 I
tastsuaanunanay = ————
X + X,

" % diff 3TRINININARDIURTMNGB] ~ 0.4 %
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° = °
MSATMIAIAINIRIBEIYN TN TR Under — Damped

1unTdh Under — Damped tila R°C*4LC fieuiluay
L >> 186.743 mH

o & o o do . ) :
AIVUAIN VLR BDIUINUNUN Excite auA0INNGT 186.743 mH

d € 1 e
LRZAIAN L‘a‘IﬂILLuuﬂ nNu
1 1

f = =
2N LC  27~/0.48311x1.35

=0.197Hz

4 . | o d
A1519N 4.14 MINaaaIrIAIAN UKL Noasena 0.3 mm. N=166 turns

Current (A) Voltage (V) degree L(H) Bmax
0.2992 35.6684 80.8200 0.3746 0.2318 -
0.6009 87.8128 80.6400 0.4589 0.5708
0.9004 144.4040 84.4200 0.5081 0.9386
1.2019 202.8280 80.7300 0.5302 1.3184
1.5002 258.7750 81.9900 0.5437 1.6820

L average 0.483111 .
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o P> ° a
ﬂ'liﬂ'l%’)mﬂ.'lﬂ']'l&lL‘P‘i%ﬂ’)%’l‘l%ﬂim Over — Damped

lunTei Over — Damped tila R°C*4LC fauiuuan
L << 186.743 mH

(2 & [ A ° A ° . IS v '
SIUA1IAN NI RN NIYNNN Excite a23ifdasNIN 186.743 mH
) P ¢ e
WAZAUDLT L TURUY Ny
1

1
f= - =0.646Hz
27 LC  274/0.045002%1.35

o s d o A
fN1719N 4.15 n’rz‘wﬂaaawm']mwmﬁmm noadana 1 mm. N=107 turns

Current (A) | Voltage (V) degree L(H) B max
1.0035 12.6967 85.8600 0.0402 0.0825
2.0101 26.5472 86.4000 0.0420 0.1726
3.0026 40.4908 85.3200 0.0428 0.2632
4.0098 55.7572 85.3200 - 0.0441 0.3624
5.0062 70.4378 85.5000 0.0446 0.4578
6.0040 85.8575 © 86.2200 0.0454 0.5581
7.0037 100.9961 87.6600 0.0459 0.6565
8.0011 116.5750 85.8600 0.0463 0.7577
9.0066 131.4510 87.8400 0.0464 0.8544
10.0174 146.6380 87.4800 0.0466 0.9531
11.0239 162.8370 ~ 87.6600 0.0470 1.0584
12.0084 177.2290 87.4800 0.0469 1.1 520
13.0187 192.1230 87.4800 0.0469 1.2488

L average 0.045002
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Energy Density(J/kg) 270
Power Density(Wh/kg) 0.075
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Ultracapacitors, the New Thinking in the
Automotive World

By Adrian Schneuwly, Bobby Maher, Juergert Auer
Haxwell Technologies, Inc.

Introduction

Due to the increasing power demand in future vehicles for comfort improvement, as
well as ongoing pressures for more environmentally friendly means of transportation,.
automotive manufacturers are developing alternatives to existing fossil fuel-driven
vehicles.

Perhaps the most promising near-term alternative to fuel-cell vehicles, which will not
be ready for volume production for at least a decade, is hybrid electric vehicle (HEV)
technology. While progress has been made in control, engine and motor design, they
have not been successful with regard to the electric power storage systems. This is
due primarily to the fact that batteries are used to provide the power peaks in most
of the currently developed hybrid electric vehicles. But the deficiencies of battery
storage systems are multiple and they create many design challenges for automotive
engineers.

Batteries have a bad low temperature performance, a very limited lifetime under
extreme conditions which results in repeated replacement throughout the life of the
vehicle, and they are not designed to satisfy the most important requirements of
hybrid electric vehicles power source; to provide bursts of power in the seconds
range for events such as acceleration, braking and cold starting.

Recently, a very promising technology has been introduced with the potential to
improve energy storage in automotive applications: double-layer capacitors. These .
devices, also known as ultracapacitors or supercapacitors, represent a new
generation of efectrochemical components with very high capacitance for energy
storage.

Today, ultracapacitors are a viable component for production-intent designs.
Ultracapacitors are available from major production firms in the United States, Asia,
and Europe. They are available in a variety of sizes, in a variety of configurations.
ultracapacitor prices are within the cost targets of many automotive systems, and
are approaching $0.01 per farad in automotive production volumes by 2004 in
millions.

When appropriately designed with a systems approach, they offer excellent
performance, wide temperature range, long life, and flexible management. When
used in combination with other energy storage solutions (e.g. lead-acid batteries,
fuel engines, fuel ceils), the complete system can meet performance and cost goals
unachievable with a single energy storage device. '

Ultracapacitors from Maxwell Technologies are available under the trade name of
BOOSTCAP®.

#axwell Technologies, Inc. Maxwell Techaologies 5A
9344 Balboa Avenue, San Disgo, CA 92123 ) CH1728 Rossens

United States Switzarfand

Phone: +1-858-503-33¢0 ’ phone: +41 () 26 431 853 60
Fax: +1-858-503-3301 Fax: +42 (8} 26 411 85405

© Maxwel Technologies, Inc. | www.maxwell.com | nfagdmanwelt.com |
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Ultracapacitor Technology
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Energy storage technology comparison

In terms of energy density and access time to the stored energy, double-layer
capacitors are placed between large aluminum electrolytic capacitors and smaller
rechargeable batteries [1]. The Ragone diagram, presented in Figure 1, shows the
domain occupied by double-layer capacitors in the power and energy densities space.
It can be seen that the BOOSTCAP®s from Maxwell Technologies cover the highest
part in power and energy density of double-layer capacitors.

1000,00

100,00

16,00

1,00 4

Energy density (Whikg)

0,10

PO I I WY U ET YT T SR S W BTSSR S G TTUTEES W S U VIV G W R LD TE
X t t t t t + 't

]

1E+00 1E+01 1Es02 1E+03 1E+04 1,5+05 1E+06 1,E4D7
Power density [Wikg]

Figure 1: Ragone diagram, comparison of different energy storage and convarsion
devices

Peak power applications, as they occur in the transportation domain, need passive
components to store the electrical energy that are as small as possible in volume and
weight. The choice of the storage device type depends particularty on the speed of
the storage process, or in other words on the power required by the application.

While the slower storage processes may be performed with batteries and the faster
ones with capacitors, the ideal storage devices to supply bursts of power in the
seconds range are double-layer capacitors.

Double-layer Technology

Ultracapacitors consist of two activated carbon electrodes, which are immersed into
an electrolyte. The two electrodes are separated by a membrane that allows the
mability of the charged ions but prevents electronic contact. The organic electrolyte
supplies and conducts the ions from an electrode to the other if an electrical charge
is applied to the electrodes. In the charged state, anions and cations are located
close to the electrodes so that they balance the excess charge in the activated

Maxwell Techaologies, Inc. maxweil Technologies A
9344 Balboa Avenus, San Diego, CA 92123 CH1728 Rossens

United States Switzerland

Phope: +1-858-503-3300 Phone: +41 (0} 26411 85 00
Fax: +1-858-503-3301 Fax: +41 {(0) 26 4118505

£ Maswell Tachnologies, Inc. | winw.maxwell.com § mfa@merwell.com |
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carbon. Thus across the boundary between carbon and electrolyte two charged
layers of opposed polarity are formed. This layer, discovered in 1879 by Helmholtz,
is called an electrochemical double-fayer.

Ultracapacitors rely on an electrostatic effect, which is purely physical and therefore
highly reversible. Charge and discharge occurs upon movement of ions within the
electrolyte. This energy storage process is in contrast to all battery technologies, as
they are based on chemical reactions. Consequently, there are some fundamental
property differences between double-layer capacitor and battery technologies;
namely long shelf life, an extended useful life and a high cycle life. These advantages
result in an almost maintenance-free storage device.

Cell Construction :
Double-layer capacitors are assembled by winding or stacking in parallel électrodes,
current collectors and separator foils. For the stacking processes separate electrode
and collector foils are assembled in the device. In this case, it is important to have a
very good mechanical contact between the electrode and the current collector. By
applying a controiled high pressure on the stack, low internal resistance can be
obtained. The disadvantage of
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BOOSTCAP® Features

Available Products

Today, Maxwell Technologies manufactures BOOSTCAPs® based on both, stacking
and winding technology. PC products are stacked devices using carbon cloth
electrodes and BCAP devices are based on winding technology and use carbon
powder electrodes. Ultracapacitors in 4, 10, 100, 450, 900, 1800 and 2600 Farad
sizes are available, which can be combined into power modules for higher voltage.

The top of the range when it comes to power and energy density is represented by
the BCAP0OO10 capacitor rated at 2600 F. With an internal resistance of typically 0.2¢
mOhm at 100 Hz this capacitor is suitable for power applications of any kind [2].

Figure 3: PC10 rated at 10 F and an integrated system built up with BCAP0010

Future Performance Trends

The double-layer capacitor performance development goals are a longer lifetime, an
increase of the rated voltage; an improvement of the operating temperature range
and an increase of the energy and power densities. The rated voltage will be
increased up:to 3V within the riext years. An increase in capacitance by 50% as well
as.a reduction of the ESR by a factor of two is also possible. The energy and power
density for BOOSTCAP® ‘dolible-layer capacitors will therefore be increased
significaritly. To easily access automotive applications a temperature range from:
-35 to 105°C will be-advantageous.: ’ N

What is expected from the research and development is the increase of the
electrolyte decomposition voltage and ionic conductance, the increase of the:
electrode accessible surface, chemical and mechanical stability as well as electronic
conductance and the separator-electronic insulation level and ionic conductance. A
primary focus is the development of new electrolytes based on the combination of
‘novel organic solvents:and improved conduction salts, permitting not only a higher
rated voltage and-a higher conductivity but also a larger operating temperature

‘range,

Maxwell Technologies, g Maxwell Technologies SA
‘9244 Batboa Avenue; Sair Diego, TA92123 £H1 728 Rossens
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Phone! +1-858-503-3300 Bhone: +41 {0} 26411 8500
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Automotive Applications

BOOSTCAP® ultracapacitors are ideal wherever high bursts of power are needed.
Existing and new applications include automotive engineering, rail traction,
telecommunication, uninterruptible power supplies, renewable energy resources,
industrial electronics and medical engineering.

Numerous automotive firms are well into the production design cycle for
ultracapacitor-based power trains and subsystems, recognizing the advantages and
availability of the ultracapacitor to meet their business and technical requirements.
Ultracapacitors are available, cost effective, and perform well in automotive systems,
and today are considered a peer to other options for production energy storage
system requirements.

BOOSTCAP®s Used in EV, HEV or HEFC Vehicles

In the last few years, new propulsion hybrid drive trains have been intensively
studied. An interesting concept is a fully electric hybrid drive train that consists of a
primary constant power source such as a fuel cell or a battery and a secondary peak
power source, e.g. double-layer capacitors [3]. The primary power source handles
continuous load requirements, such as cruising and basic electric needs. The
secondary power source is sized for short-duration load leveling, absorbing the
kinetic energy from braking and releasing it later to accelerate the vehicle; resulting
in energy savings of up to 25 % [4] and increased mileage of the vehicle. Because
these short-duration events are experienced many thousands of times throughout
the life of a vehicle, they are very well suited for the long life of ultracapacitors. Their
cycle lives are much longer than those of batteries, so it may never be necessary to
replace the energy storage medium. Therefore the life-of-system costs are reduced,
and adverse environmental effects are diminished.

Figure 4: The fully vagsemﬁi;ed‘ BOOSTCAP® system in its storage boxes

In collaboration with VW and other partners, a hybrid electric fuel cell (HEFC) vehicle
was built up with an‘ultracapacitor energy storage device [5, 6]. The BOOSTCAP® -
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bank, shown in Figure 4, is capable of providing a constant power of 50 kW during
15 seconds of discharge from full to half rated voltage. This is equivalent to an
energy content of 210 Wh at 50 kW.

14/42 V Electrical Subsystem and Integrated Starter Generators

The development of innovative automotive systems is determined by the demand for
comfort improvement, cut in fuel consumption, reduction of environmental pollution
and increase in efficiency. A result is the substitution of mechanical systems by
electrical systems such as electric power steering, electromagnetic valve control,
electric water pump, electromechanical braking, electric air conditioning, electric
door opening, catalyst preheating etc. as well as the introduction of new drive train
functions like start-stop and recuperative braking. The storage of braking energy can
also be usefully applied for vehicles with internal combustion engines, especially for
the improved alternators used as braking generators, so-called integrated starter
generators [7]. Conventional lead-acid batteries cannot furnish the energy in the
seconds range because of the stow chemical processes. Double-layer capacitors work
quite differently; they are designed to store the energy generated within a very short
time and release the energy with high efficiency, even in cold weather. Future 42V
electrical subsystems will be able to furnish the power demands in the range of 8 to
20 kW. Thanks to their long life and high cycle life BOOSTCAP"s are ideal for the
variable power loading required of new subsystems.

Regenerative Braking

In vehicles with internal combustion engines, up to 25% of the total energy used is
uselessly converted to heat during braking. This effect is even more critical in urban
traffic. Therefore an obvious solution is to introduce an energy storage system that
allows storage of the braking energy which can then be applied to acceleration. Such
systems allow an important reduction of the fuel consumption in urban traffic where
stop-and-go is very common. Regenerative braking is thus absolutely imperative to
extend the range of EVs. However this method of energy saving can also be usefully
applied to vehicles with internal combustion engines.

Buses are being closely watched as pioneering vehicles of environmentally friendly
transportation. Until fuel cells go into volume production, combustion engine-electric
drives represent the most interesting drive systems to reduce the emission levels of
buses. Typically it is possible to combine a diesel engine with an electrical power
train. Distinctive features of this diesel-electric drive are low fuel consumption,
advantages for low-floor chassis, more flexibility for the bodywork and quiet running
during starting and part load operation. Here BOOSTCAP*s have proven to be an
ideal energy storage medium for regenerative braking. Conventional lead-acid
batteries cannot store the braking energy in the seconds range because of the slow
chemical processes underlying their operation. Ultracapacitors work quite differently;
even energy that is generated within fractions of a second can be stored and
released with high efficiency. )
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Powers Electronic Circuits

l By Youngho Kim, Director of Product Development,
NESSCAP Co.Ltd., Korea

]UI!racapacitor Technology

As engineering innovations continue to advance
ultracapacitors, their enhanced performance capa-
bilities are expected to hasten the convergence of
batteries and ultracapacitors—strengthening the
combination of both specific energy storage and

Fig. 1. Power vs. energy characteristics of energy-storage vioes.

pulse power design in future applications.

s the market strives for Highter, more com-
A pact wireless and portable devices with
more Ingentous features crammed into an
ever-tighter space, a related quest ensues for
- the next power supply innovation—a pow-
erful, compact, long-lasting, economical and safe battery.
Although progressing toward thisend, current battery tech-
nology often compromises the destred space and weight
specifications without properly satisfying peak power
requirements,
Ultracapacttors, also known as supercapacitors, offer an
alternative source that promises to clrcuravent the battery
scramble and extract greater efficlency from extsting power

sources. Because of high price and manufacturabtlity Is-

sues, this electric double layer capacltor (EDLC), also
known as a pseudo capacitor, isa't popular among engl-
neers. However, 1t offers boundless growth potential be-
catise it responds to key market and socletal needs: It'sen-
vironmentally friendly, helps conserve energy, and en-
hances the performance and portability of consumer de-

Power Heclrenics Tectinofagy | Octeber 2003

vices. Ultracapacitors also are free from characteristic bat-
tery problems, sucl as Hmited cycle life, cold intolerance
and critical charging rates.

Why Ultracapacitors?

Ultracapacitors are being developed as an alternative to
pulse battertes. To be an attractive alternative, ultracapact-
tors must have at least one order of magnitude higher
power and a much longer shelf and cycle life than batter-
fes. Ultracapacttors have much lower energy density than
battertes, and their low-energy density [s, in most cases,
the factor that determines the feasibility of thelr use In a
particular high-power application.

Avatlable for decades, aconventional electrolytic capact-
tor Is an energy-storage device that can be compared to a
contalner that gradually filiswith electrical energy and then
delivers it when needed in a sudden burst. Offered just re-
cently, an ultracapacitor s a high-energy version of a con-
ventional capacitor, holding hundreds of times more en-
ergy per unit volume or mass than the latter by using state-
of-the-art materfals and high-tech microscopte manufac-
turing processes. When fully charged, these robast devices
deliver Instant power in an affordahle, compact package.

Long consldered an enignia because of price, the ad-
vent of inexpensive, compact ultracapacitors, characterized
by an exceptionally high surface area, excellent conductiv-
{ty, and superior chemical and physical stabllity, herald a
new era of practlcal usage.

Ultracapacitors as Circuit Elements

The equivalent circuit used for conventlonal capacltors
can also be applied to ultracapacitors. The ctrcult schematic
in Fig. 2 represents the first-order model for an
ultracapacitor. It’s comnprised of four ideal circult elements:
a capacitance C, a serles reststor Rs. a paratfel resistor Rp,
and a series tnductor L. Rs is called the equivalent series

wwrapowstelecironics.com
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R
R, t
+ - 4

Flg. 2. The first-order circuit model of an ultracapacitor.Each of the
tour circuit elements is ideal.

Fig. 3. The equivalent circuit of a practicalultracapacitor.

resistance (ESR) and contributes to energy Joss during ca-
pacitor charging and discharging. Rp simulates energy loss
due to capacitor self-discharge, and is often referred to as
the leakage current resistance. Inductor L results primarily
from the physical constructian of the capacitor and s usu-
ally small. However. tn many applications, 1t can’t be ne-
glected—particularly those operating at high frequencles
or subjected to hard switching.

Reststor Rp 1s always much higher than Rs in practicat
capacttors. Thus, it often can be neglected, particularly in
high-power applications. In that case, the impedance of
the Fig. 2 circult model is:

l'll‘ﬁtuﬂukokl(ﬁ

*

Fig. A. Block diagram ot an active balancing areuit

Z =R +1 (2pfL-1/2pfC). where L 1s the inductance in
{Henrys]. The impedance is purely resistive when 2pfL-1/
2piC = 0, or f = 1/2 p{LC)" This particular frequency is
referred to as the resonance frequency of the capacitor.
Thus, the impedance of circuit is simply the resistance at
self-resonance. However, ultracapacitors exhibit non-ideal
behavior, which result primarily from the porous materfal
used to form the electrodes that cause the resistance and

BCAP Self Discharge

Seif Discharge vs Temperature
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1 Description of Double Layer
Capacitors

1.1 Theory
Electrochemical double layer capacitors
(EDLCs) are similarly known as
supercapacitors or ultracapacitors. An

ultracapacitor stores energy electrostatically
by polarizing an electrolytic solution.
Though it is an electrochemical device there
are no chemical reactions involved in its
energy storage mechanism. This
mechanism is highly reversible, allowing the
ultracapacitor to be charged and discharged
hundreds of thousands to even millions of
times.

An ultracapacitor can be viewed as two non-
reactive porous plates suspended within an
electrolyte with an applied voitage across
the plates. The applied potential on the
positive plate atiracts the negative ions in
the electrolyte, while the potential on the
negative plate attracts the positive ions.
This effectively creates two layers of
capacitive storage, one where the charges
are separated at the positive plate, and
another at the negative plate.

Conventional electrolytic capacitors storage
area is derived from thin piates of flat,
conductive material. High capacitance is
achieved by winding great lengths of
material. Further increases are possible
through texturing on its surface, increasing
its surface area. A conventional capacitor
separates its charged plates with a dielectric
material: plastic, paper or ceramic films.
The thinner the dielectric the more area can
be created within a specified volume. The
limitations of the thickness of the dielectric
define the surface area achievable.

An ultracapacitor derives its area from a
porous carbon-based electrode material
The porous structure of this material allows
its surface area to approach 2000 square
_meters per gram, much greater than can be
accomplished using fiat or textured films and
plates. An ultracapacifors charge separation
distance is determined by the size of the
ions in the electrolyte, which are attracted to
the charged elecirode. This charge

separation (less than 10 angstroms) is much
smalier than can be accomplished using
conventional dielectric materials.

The combination of enormous susface area
and extremely small charge separation gives

the ultracapacitor its outstanding
capacitance relative to conventional
capacitors.

1.2 Construction

The specifics of ultracapacitor construction
are dependent on the application and use of
the ultracapacitor. The materials may differ
slightly from manufacturer or due to specific
application needs. The commonality among
all ultracapacitors is that they consist of a
positive electrode, a negative electrode, a
separator between these iwo electrodes,
and an electrolyte filling the porosities of the
two electrodes and separator.

Electrolyte

Sepagator

Figure 1: Ultracapacitor charge separatiort

The assembly of the ultracapacilors can
vary from product fo product This is due in
part to the geometry of the ultracapacitor
packaging. For products having a prismatic
or square packaging arrangement, the
internal construction is based upon a
stacking assembly arrangement with internal
coflector paddies exiruding from each
electrode stack. These current collector
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paddles are then welded to the terminals to
enable a current path outside the capacitor.

For products with round or cylindrical
packaging, the electrodes are wound into a
jeltyroll configuration. The electrodes have
foil extensions that are then welded to the
terminals to enable a cumrent path outside
the capacitor.

2 Typical Applications

Maxwell Baostcap® ultracapacitors products
are offered in a full range of sizes. This
enables utilization of uliracapacitors in 2
variety of industries for many power
requirement needs.  These applications
span from mifliamps current or milliwatt
power to several hundred amps current or
several hundred kilowatts power needs.
Industries employing ultracapacitors have
included: consumer electronics, traction,
autornotive, and industrial. Examples within
each industry are numerous.

Consumer - digital cameras, lap top
computers, PDA’s, GPS, hand held devices,
toys, flashlights, solar accent lighting, and
restaurant paging devices.

Traction — Diesel engine starting, train tilting,
security door opening, fram power supply,
voltage drop compensation.

Automaotive — 42 ¥V vehicle supply networks,
power steering, electromagnetic valve
controls, starter generators, electrical daor
opening, regenerative braking, hybrid
eleetric drive, active seat belt restraints.

industrial — uninterrupted power supply
(UPS), wind mill pitch systems, power
transient buffering, automated meter reading
(AMR), elevator micro-controfier power
backup, security doors, forklifts, cranes, and
telecommunications.

Consideration for the various industries
listed, and for many others, is typically
attributed to the specific needs of the
application the ultracapacitor technology can
satisfy.  Applications ideally suited for
ultracapacitors include pulse power, bridge
power, main power and memory backup.

2.1 Puise Power

Uitracapacitors are ideally suited for pulse
power applications. As mentioned in the
theory section, due to the fact the energy
storage is not a chemical reaction, the
charge/discharge behavior of the capacitors
is efficient.

Since ultracapacitors have low internal
impedance they are capable of delivering
high currents and are often times placed in
parallel with batteries to load level the
batteries, extending battery life. The
ultracapacitor buffers the battery from
seeing the high peak currents experienced
in the application. This methodology is
employed for devices such as digitat
cameras, hybrid drive systeme and
regenerative braking (for energy recapture}.

2.2 Bridge Power

Ultracapacitors are utiized as temporary
energy sources in many applications where
immediate power availability may be difficult.
This includes UPS systems utilizing
generators, fuel cells or flywheels as the
main power backup. All of these systems
require short start up. times enabling
momentary power interruptions.
Ultracapacitor systems are sized to provide
the appropriate amount of ride through time
until the primary backup power source
becomes available.

2.3 Main Power

For applications requiring power for only
short periods of time or is acceptable to
aliow short charging itme before use,
ulfracapacitors can be used as the prmary
power source. Examples of this ufilization
include foys, emergency fiashlights,
restaurant paging devices, solar charged
accent lighting, and emergency door power.

2.4 Memory Backup

When an application has an available power
source to keep the ultracapacitors trickle
charged they may be suited for memory
backup, system shutdown operations, of
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event notification. The ultracapacitors can
be maintained at its full charged state and
act as a power reserve to perform critical
functions in the event of power loss. This
may include AMR for reporting power
outage, micro-controllers and  board
memory.

3 Determining the correct
Ultracapacitor for the application

Determination of the proper capacitor and
number of capacitors is dependant on the
intended application. For sizing the system
correctly a number of factors should be
known. These factors inciude the maximum
and minimum operating voltage of the
application, the average cumrent or power,
the peak current or power, the operating
environment temperature, the run time
required for the application, and the required
life of the application. All of these issues will
be covered in detail in the “Performance
Characteristics” section of this guide. For
now, a general approach is described.

Each of the products has a rated voliage
{Vr). Since ultracapacitors are low voltage
devices, this rated voltage is generally less
than the application voltage reqyired.
Knowing the maximum application voltage
(Veax) Wifl determine how many capacitor
cells are required to be series connected.
The number of series connected celis is
determined by:

xeax

# series cells =
Ve

Next, by knowing the average current (I) in
amps, the required run time {dt) in seconds
and the minimum working voltage (V). an
approximate system capacitance can be
calculated.

. dt

The fotal system capacitance is comprised
of the capacitance of all the series
connected capacitors for achieving Vimax.
For capacitors connected in series the

capacitance of the individual cells is
determined by:
1 1 1 1
— e = e ——t  t— [3]
Csys Cl1 C2 Cn
where n = # series connected capacitors.
For C1=C2=..=Cn and rearranging

equation 3, the cell capacitance (C) is
determined by:

C=C,.*n

This capacitance value can then be
compared to the product data sheets-to
determine the appropriate capacitor for the
application. If the capacitance calculated is
not achievable by a single capacitor it will be
necessary to place one or more capacitors
in parallel to obtain the necessary energy.
For capacitors connected in parallel the
capacitance is determined by:

C=C1+C2+ . +C,

Therefore, take the calculated capacitance
and divide by the capacitance available from
the data sheet and round up fo the next
whole number. This will be the number of
capacitors required in paralle!.

There are many other items to consider for
properly sizing the application. This
includes the intemnal resistance of the
capacitor to account for the instantaneous
voltage drop associated with an applied
current, the ambient operating temperature
which affects the intemal resistance and the
capacitor life, and the life of the application.
The uitracapacitor performance requirement
at end of life of the application is necessary
to ensure propef initial sizing of the system.
Additional tools, application notes and white
papers are available at our website to aid in
the sizing process. It is recommended to
contact Maxwell Technologies for assistance
in sizing the application properly.

PRODUCT GUIDE 1.2

113



Maxwell

TECHNOLOGIES

4 Sggciﬁcat}ions

Product datasheets are available for each
product. These datasheets are accessible
at the Maxwell Technologies website,
www._maxwell.com. This section will provide
a definition for the specifications and the
methods of measuring said conditions.

4.1 Specification Description

Capacitance — a measurement of energy
storage in joules. C=qV

Voltage — the voltage provided in the
specification is the maximum operating
voltage for a single capacitor. The rated
voltage is the voltage in which the
performance data is measured. I is
possible for the capacitors to experience
voitages in excess of the rated voltage. The
impact is dependent on the time and
temperature during this exposure. At no
time should the capacitor be subjected to
voltages in excess of 10% of the rated
voltage.

Internai Resistance, DC — the resistance
commesponding to  all  the resistive
components within the ultracapacitor, Rict
This measurement is taken after 5 seconds.
Since the time constant of the
ultracapacitors is approximately 1 second, it
takes approximately 5 time constants or &
seconds to effectively remove 99.7% of the
stored energy. Ry is compromised of
resistive components attributed to contact,
electrode, electrolyte, and other material
resistances.

Internal resistance, 100 hz or 1 khz — is a
measure of the high frequency resistance
component and is mainly attributed to
contact resistance. Because of the time
constant of the ultracapacitors, operation at
this frequency is highly inefficient. This
measurement is provided because it is
simple to measure and correlates easily with
the DC resistance.

Thermat Resistance — rather than a rated
current the thermal resistance may be used
to determine the heat generatfion within the
product at any. given cument load and duty

cycle. The calculation is based on free
convection and would be considered worst
case. Forced convection would improve the
thermal resistance.

Shart Circuit Current — momentary current
possible in device if ultracapacitor is short
circuited. Intended as a cautionary
statement  and not intended for
ultracapacitor use.

Leakage Current — stable parasitic current
expected when capacitor is held indefinitely
on charge at the rated voltage. This value is
voltage and temperature dependent. Data
sheet measurement is at rated voltage and
25 °C.

Operating Temperature Range - represents
the operating temperature range of the

ultracapacitor and may not reflect the
ambient temperature.

Storage Temperature Range — represents
the safe storage temperature without
affecting - ultracapacitor performance when
no voitage is applied to the uitracapacitor.

Endurance, Capacitance - the maximum
capacitance change expected if the
uitracapacitor is held at rated voitage for the
specified time and temperature which is
intended to be the upper operational limits.

Endurance, Resistance - the maximum
resistance change expected i the
ultracapacitor is held at rated voltage for the
specified time and temperature which is
intended ta be the upper operational limits.

Maximum Energy — the maximum energy
available for new ullracapacitor when
discharged from maximum working voltage
to zero volts (note: for discharge to half
voltage the energy is approximately 75% of
maximemy}

Peak Power Density — measurement of an
instantaneous fower from full rated voiltage
according to V4R where R = ac resistance.
This walue does not represent the
sustainable power.
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Power, Pd — gravimetric power density

calculated between the ranges of a 20% to
" 40% voltage drop from the rated voltage.

Life Time — expected performance change
for the ultracapacitor if held at rated voltage
and 25 °C for 10 years.

Cycle Life — expected performance change
after cycling 500k or 1M times (as specified
on the data sheet) from rated voltage to half
voltage. Cycling performed at a duty cycle
resulting in no heating of the ultracapacitor
with the ultracapacitor maintained at 25°C.

4.2 Measurement Conditions

The methods utilized for obtaining the. data
specified on the data sheets are outlined.
Alternative methods are possible but may
resuit in slightly different results.

4.2.1 Capacitance
Capacitance is measured during discharge
of the ultracapacitor with a constant current
source from its rated voltage to half its rated

voltage. Referring to figure 2, capacitance is
calcuiated from the following:

_ 10t

v, -7,

4.2.2 Resistance

Referring again to figure 2 the dc resistance,

The resistance measurement considers all
resistive components over approximately
five time constants of the product and is
inclusive of all resistive elements. The
actual resistance measured would be lower
if measured over a shorter duration than the
5 seconds indicated.

Figure 2: Testing profile

4.2.3 Leakage Current

Due to the extremely large surface area of
the electrode the time constant of the last
0.5% of the electrode area is extremely long
due to the pore size and geometry. The
longer the ultracapacitor is held on charge
the lower the leakage current of the device.
The reported leakage curent is a
measurement of the charging current after
holding the device at rated voltage for 72
hours continuous at room temperature. The
measured leakage current will be influenced
by the temperature during the measurement,
the voltage in which the device is measured

or ESR, is calcutated from the following: and the age of the product.
V,-V_.
ESR=-f =
1,
-7~ PRODUCT GUIDE 4.2
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5§ Performance Characteristics

This secﬁon describes the behavior of ultracapacitors under operating conditions such as
temperature, dc charging, cycling and frequency. The data is represented in product specific

format where applicable.
5.1 Temperature Effects, Initial Performance

The performance of Maxwell Technologies ultracapacitors is very stable over a wide operating
temperature due to the chemistry and physical make up of the products. This behavior is
comman between all of the products lines due to the similar chemistry and construction. The
foflowing plot in figure 3 illustrates the relative capacitance and resistance change as a function of

temperature between the operating temperature ranges of —40 to 65 °C.

Performance vs. Temperature
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Figure 3: ReEativé ultracapacitor performance over operating temperature range
5.2 Voitage and Temperature Effects on Life

A common utilization of the ultracapacitors such as UPS applications is to maintain the
ultracapacitors at working voltage until needed for the application. The following figures illustrate
the influence of voltage on performance of the products when held at rated voltage and a lower
voltage at its maximum rated environmental temperature. More detailed information related to
product life is contained in the design secfion 7.3 of this manual.
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ESR Life @ 65 °C
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Figure 5: BCAP2600 Resistance degradation at27Vand25Vat6s°C

Figure 5 represents the expected resistance degradation relative {o the product specification.
The plot, along with the fact that the influence of temperature has a doubling effect for every 10
°C, can be used to predict the expected performance change for a variety of conditions. From

this plot it is expected that a:
140% increase in rated resistance may occur for an ultracapacitor held at 2.7 V after

5,500 hrs @65°C
11,000hrs  @55°C
22000hrs @45°C
44000hrs @35°C
88.000hrs. @25°C

A0% increase in rated resistance may occur for an ultracapacitor held at 2.5V after

5,500 hrs @ 66°C
11000hrs  @55°C
22000hrs @45°C
44000 his @35°C
88,000hrs @25°C

5.3 Cycling

Cycle testing is performed on the products to determine the degradation of ultracapacitor
performance over cycling events. The cycle testing is performed at ambient temperature with no
forced convective cooling. The cycles are performed at a continuous current as indicated on the
data sheet from the rated voltage to half rated voitage. A 15 second rest is allowed between
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ESR Life @ 65 °C
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Figure 5: BCAP2600 Resistance degradation at 2.7 V and 2.5 V at 65°C

Figure 5 represents the expected resistance degradation relative to the product specification.
The plot, along with the fact that the influence of temperature has a doubling effect for every 10
°C, can be used to predict the expected performance change for a variety of conditions. From

this plot it is expected that a:

140% increase in rated resistance may occur for an ultracapacitor held at 2.7 V after

5,500 hrs @65°C
11,000 hrs @55°C
22,000 hrs @45°C
44,000 hrs @35°C
£8,000 hrs @25°C

40% increase in rated resistance may occur for an ultracapacitor held at 2.5 V after

5.500 hrs @65°C
11,000 hs @55°C
22000hrs @45°C
44000hs @35°C
88000hrs @25°C

§3 Cycling

Cycle testing is performed on the products to determine the degradation of ultracapacitor
performance over cycling events. The cycie testing is performed at ambient temperature with no
forced convective cooling. The cycles are performed at a continuous current as indicated on the
data sheet from the rated voltage to half rated voltage. A 15 second rest is allowed between
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5.4 Frequency Response

Uttracapacitors have a typical time constant of approximately one second. One time constant
reflects the time necessary to charge a capacitor 63.2% of full charge or discharge to 36.8% of
full charge. This relationship is illustrated in the following figure.
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Figure 7: RC time constant relationship

The time constant of an ultracapacitor is much higher than that of an electrolytic capacitor.
Therefore, it is not possible to expose ultracapacitors to a continuous ripple current as
overheating may result. The ultracapacitor can respond to short pulse power demands, but due
to the time constant the efficiency or available energy is reduced. The following figures iltustrate
the performance of the uliracapacitors at various frequencies. The drop off in capacitance is
associated with response time necessary for the charged ions within the pores of the electrode to
shuttle between positive and negative during charge and discharge. The drop in resistance is
representative of the response time of the different resistive elements within the ultracapacitor. At
low frequency ail resistive elements are present where at high frequency only quick response
elements such as contact resistance are present.

The test is typically conducted with no applied voltage. For this reason the capacitance appears
to be much lower than what is stated at rated voltage as capacitance has a slight dependence on
voltage.
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8.5 Standards Testing

Products have been tested to a variety of
standards to validate safety and reliability.
These test include shock, vibration, thermal
cycling, thermal shock, and water
resistance. A list of the products tested and
the standard in which they are accepted is
available in a separate document.
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