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Multiple Model Adaptive Estimation of the SOC of Li-ion battery for HEV/EV
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(Hae-Bong Jung - Young-Chol Kim)

Abstract - This paper presents a new state of charge(SOC) estimation of large capacity of Li-ion battery (LIB) based
on the multiple model adaptive estimation(MMAE) method. We first introduce an equivalent circuit model of LIB. The
relationship between the terminal voltage and the open circuit voltage(OCV) is nonlinear and may vary depending on the
changes of temperature and C-rate. In this paper, such behaviors are described as a set of multiple linear time invariant
impedance models. Each model is identified at a temperature and a C-rate. These model set must be obtained a priori
for a given LIB. It is shown that most of impedances can be modeled by first-order and second-order transfer functions.
For the real time estimation, we transform the continuous time models into difference equations. Subsequently, we
construct the model banks in the manner that each bank consists of four adjacent models. When an operating point of
cell temperature and current is given, the corresponding model bank is directly determined so that it is included in the
interval generated by four operating points of the model bank. The MMAE of SOC at an arbitrary operating point (T °C,
IalAD) is performed by calculating a linear combination of voltage drops, which are obtained by four models of the
selected model bank. The demonstration of the proposed method is shown through simulations using DUALFOIL.

Key Words
multiple model adaptive estimation.

.M B

87 aegae] o we HT stolBE= Hrat
%2 hybrid electric vehicle: HEV)®} A 7] &} 2} (electric
vehicle: EV)&= A AAd ez Z #4A7F S AT 24
AR Al =gl ol gk ApEate] A4 FE stvolH, &

=
3] 2 F o] 24 A (littum-ion battery: LIB):= & oy# D%
o 1 %
A A

o

[r

s} FHE HAI ol M FEEE dAuA A"l
o gEolexdAe s AA FAAII A
AR Aol FHGEHE 34~38V YoM FAEof g
B o] WS YoluA HY, fgol2dAe] Frol
B¢ gobA =W st ddE 44 2 5 Aok wet
Al ZEol &A= AHE Al SOCE FAl ZAlste]oF gt
glaol&dAe SOCE FAshes W= o8 7HA7

= g

3], AF A A (Coulomb counting method) €] E©]
SAA O FAY FA A B2 AFE Fakste FAH3E
wHog zraste]l gA AHEE & ok aHy 27 Fe
ARG u A= exet AFFAHALAR A AR FF
aF wiZol FAZE F4 Al 2x7F AEE] AAE EAE
o] Qlth. HM7Iststd mdgy We A o] sheH whgw

*

—
Bl AN

F 8 9 FRUSgL AT A A

147, AlUels g - FRstn AAFeH w
E-mail : yckim@cbu.ac.kr

Az 20108 9€ 7Y

k= 1 20104 12€¢€ 104

N
o

142

. Li-ion battery, State of charge, SOC estimation, Battery model, Open circuit voltage(OCV), C-rate,

e A FEolA aEFE3, 4, 70 E gE der A
714 AR REAS o] &3t Zlolti4, 6, 7). o] HIWH
o ey ARse uxd® Fgvg e e st
R-C3l25 AMgdth glFol2dAe &4 H2 SOC #%
of wet HAdEAHA EAE 7, &&= A7 Wt
el Wtk g&o] EoledAE A v S
of web §Fol HA s vk vl FUHI R e
agE FHrEHE AR Hd w2 W & 23
A ElEol A el SOCE AotetA FA48h= AL oyt

 =RdAE olgd ZAAEE SEsIAE 1714
7hEl ] e 2EE o83 SOC F4 W& Atz

gtoh -4, SOC H9E Ao /W Al At (open circuit

voltage: ©]3} OCVZ 7)) SOCAtele] HAEAHS 1Y
sto] 3 JdYgom Rl =S SOCE F J9L Ay
%2 %2 (linearly dynamic behavior) 7-7tol (29 29]
9 A B #x), @& SOC & AJ(1d 29 9902 A4
B] A& Al (nonlinearly static behavior) T-7Fo|th. Al G ol
Al @z g OCVALel el #AIE 28719 Sz o83t

dad~ 2dg2 Yepiidth 714, " AFe

SAHEA~400)E VR BFeta, 2% FAHL(-20~
60C)E TN=E st 247t A5 F35ol FZAISHS o
aAstE 28719 Heg Aok (19 3 Fx) AnHo
2 A gdelA ZtzE 28709 FFAE wSstE dIRs
2EE YetuA "l & FRFAAe] s ERde A
Aol oJatol G4 (pseudo random binary  sequence:
PRBS) FH9 WA AFE <riste] dojxd vty



OCV dHlolEl & A-g35te] FaEct dA B A48 (battery
management system: BMS)& o]-&3}o] w AZA|7bnjct
ZAEE 5, AR, @xd% doleE AMEs] SOCE A
ANZre g A7 98 d5A dudx mde ojakxA
AGey Pz dgsity, 2d gegngEe Sx9 AF,

Ao we} A G E AS 2Y Aol 57, o
2 SOC 9ol @ da OCVALel el AdHsts 7%

o Ll

g er Qs 418 duds 2R Rdygsy] of
S Btk UF JdYus BEES de F, mdE
A= TAsted A Fedde Jdd@

A& EFahe= = chel A
=zl A

el wad AgstA FHE F vk OCV7E FAEH
SOCE A¥=4d L= OCV ul SOCe] RawgAel o3|

rEL[oOi
b b o
Txl‘i
w o
w s
" T

Hoo

o f

il

it

o,

rlo

w

il

o

o

% tlo nlo

yIg=c
i

o!
J

foo x> B X > x £ 0 T 4 €22 g o

v
o,
i gl

o

o s
2L yo ot
N

orom 2
to >,

o
v
ol
I, oX,

o2
18
o
fru
M
et
_o|L
£
f!
v
ol
o

M
2
x

FN
OY
_L>|‘L
e
=2
=
oo
ol
o
rir
A
&
I
[>
g
1
S
o,
o
Lo |
g
i)
o,
A

Al
SEERS
g st Aud 2d domyy addon AA7
SOCE FAste BERUHEFY wAolt, wdy W
AL 2 BAHANA A A%A AgFS EE GG
|

St ATl gol s el Aol A
4 Ads A

o
offl
N
T
tlo
il
=
rr
N
=
lo
N
M
off

Trans. KIEE. Vol. 60, No. 1, JAN, 2011

of 47le] sl el olitst Vs BEE RAWAR
Aefstar Foll TN NP AYE o] ZAYA w
do] APAFoR AR WS AN HFHoR
AE AREel A 9] SOCE= OCVSE SOCe] #AZNE 33
& Bl

2.1 2| BO|2MX e SIt3 =2 2d

gEol2HdA Y Ui 7Ag G dxdge] HAE 19 1
o] 7132 rdg 1

Z(1,T,s)

+ + Ibat

CC:: Vs(o) |batG) Vs Voc(vs) Vt
O
a8 1 2|lsol2dXe SItEzEE
Fig. 1 An equivalent circuit model of Li-ion battery
ANAE G AAe ¥ A A FAEFS e
C;, = Capacity[Ah] « f(eycle) « 3600 (1)

2 R 7N, Gpaaitys A FIE
fleyde) 2 A Apel2 ol we AHEAAS Y=
Aol gEel&xAe] SOCE Mo ki

1 t
V()= Vy(0)——- [ 1, (Dd 2)
s S CC/O bat \T/AT
2 #2849 5 Aok A7IM v0)= A Ee 3R A9

5

Z7] dAgoelth e glEeol2dA Aol k3] FHy o

Ak gk 42vVeli, SOC7F 0% efetd 32veltt

gEol2dA Ao A Al WY OCVE A

(voltage controlled voltage source), V, (V)2 Z&EE F
%

Atk VO 4,(0F 27 eAAeR F9/30 AFel

W ALTs)E SRS AR BAFAA Aw¥d FrhEz
mdolth, ¥ ERAE eFoledA] LEs AFel o
g EE5AH SOC FFel gk vdd e 385 771 9
3l FHA AbolE Fo thE 844 543 A A B
FdE ¥k @712 g
2% 2% SOCel gk OCVe] dE A0 =4ds Yepdn
of HAe thgel WY oR e S glrh
S0C=b,e"" 7" +4,0CV*+a, OCV’ +a,0CV* (3)

+a,0CV?+a,0CV?+a, OCV+a,

Q)ezHH Wk OCV7E FA=E T o]d vg3t= SOC7t
[e]

RS |
>~ RS PN
A7E F J5¢ 4 5 3

143



M71Es =2 60 13 20114 12

OCV to SOC

| | | | |
-—- —m—m i m e =l -
Region B| | | /

a8 2 SOCo oist ocvEMat M A
Fig. 2 OCV vs SOC curve and three regions

LIBe] OCVSH SOCAel] #77 ofm
e e Ae FAT 5 ogle 54t $w ®
9e Hs gHaA A8 e SoC £ Wt F )
o HIELGARegion A, BT & Ao wagIe

(Region O)F Wrela, 719 20] vehsieh & o=, 1
Y 29 A9E o Bk

Region A : 3.85 < OCV < 4.06
RegionB: 3.62 < OCV < 3.85
Region C': 3.23 < OCV < 3.62

dEolenA s v At OCV Alole] Agtdas &
=9} Afol we WA ojAe mAss] e 24z 2
A

A v= = ded, & a2 A9 2EE AT ueAd
-20CH¥ 60C7HA -20, -10, 0, 10, 24, 40, 60C<] 7742
FJAER FIATh H=T WHer ARFE 1ATEH 40A

7HA 1, 10, 20, 40[A]9] 4709 ERIER T &3S Th

j
TC) 4

7
(60)

6
(40

5
(24)

4
(10

0)

2
(-10)

1
(-20)

»
>

1 2 3 4 i
1) (10) (20) (40)  (Current A

a7 328749 7|E=S=H

To =

Fig. 3 28 reference operating points

olgA #¥HE LE9 AFE AL THI S wLI
As W deEhdes 2879 wAES "dA9 EsFA
(reference operating points)2. 2 Aelstx 13 3o YERY
Aok &, wAAE G, P=2, )= AF 10A, 2% 10T A<
oEs ae o, oed sAHe] o ARL

LIBel AlzAte] weh = mele] wet e 5 glv.

22 umuA =@ gl A (dentification)

A A ek vhel o] 27 29 49 A9 4 BelAE
dulds 2ds Ay AR ved oo, 99
= HAEA el Fsly] WEel Ay duds T4 2l
gsl7] ojdr), o]y e o] fZ mAygL A3 gz uA
g dgoz FEste] FYsUIR gt

(A) A8 54 399 22

de] A% 9% Bel RE FREN 1Y 19 ALT
pa

< o}{n rlr
B
>
st
N
i)
i)

4)

b, (L D)s* ++b, (L Ds+b,(5T)
a,, (LD ++a, (L Ds+a) (L, T)

nb<2,na<2

A= G=

y(s) =V, (s) = Vools) = Zs),_ ; p pdpui (5) )
Ibat y=(Vr-Voc)
—» Z(1,T,s) b

a8 4 Meste meo| A& Ao O
Fig. 4 Block diagram for input-output of transfer function
model

I
re

==
=7 |_-I

jJr?f‘r‘j]‘ﬂ A8E 93 g Ao g AEEE HAE o
HAls = PRBS dHjo|t} [9]. 19 55 & A=%E A2ZEY
o9l DUALFOIL [2]2] Bellcorerl @& ol Aol s =
d8S 98 <17ke PRBS AlgdE (5w d Aol 19

59} 64 A

e AT VS Vo E vehieh 29
£RE ATt oA Aoln EY 4 o

H
OlHEEE &3 o] Garnier ¢ HWH[9]S A &3

= 5l
ALA RS AEE = vk 94, @) & B)F AEY
o] M EANA(p=d/dt)E o] &3te] ThA W (F)oE B
feig :‘,:. (<3}
= oS

Blp)
Alp)
Blp) =b,(1, Dp* +b, (I, Dp+1,
Alp) =p* +a,(L Dp+aq,

y(t) = Voet) = V,(t) = L. @) (6)



Z AL t=kT oA AR FdHE o

y(k) ¢>T( k)o (7
k=) —y(k=2) B, () Ty, (h—1) 7, (k—2)]
ay(LT) by (L T) b (L T) b, (L T)]

(7] 9= Matlab CONTSID toolbox [9]9] srive S5 Ab

=] I~ -
gakel 2L 5 vk
Battery current (Ibat)

15 i i i i i i

| | | | | |
10 [ . L . L [

| | | | | |

| | | | | |
P e e —————_——_——.s i

< | | | | | |

= | | | | | |
g o----|---4-+—-——-FrrF-""-"1--vF-"F-——-—1

k | | | | | |

f3) | | | | | |
St 17"t ~>""1 71" "F— 7

| | | | | |

| | | | | |

-10 | | | | | |

| | | | | |

.15 | | | | | |
[\] 50 100 150 200 250 300 350

Time(minute)
O 5 PRBS AlY (59N ®F/)
Fig. 5 PRBS test input (charge/discharge current)

Terminal and Open circuit voltages

3.95

et
©

Voltage(V)
W W
N ¥
o @ o

@
3

3.65

|
1 | 1
0 50 100 150 200 250 300 350
Time(minute)

3.6

a8 6 MX|e] EHSENEAN G VI e M V,,)
Fig. 6 Output response of battery(Terminal voltage V; and

Open circuit voltage V)

} o] 2, DUALFOIL [2]9] Bellcore*} g ol Aol dsl
A 3 =l J}E}”]H? 2ol ¥ 2~% 39 Bt
49 BellA 10A A7 s 79 & 25 &
Al AEE (49 E%‘ ggugola, ¥ 3& Ax A
-20CE fAstAA 409 AF s2HAA T3 B
"ol 19 72 ® 294 24 gdguHES =
2, 57/ 9d s 2o gdguErt Y dAFolA
of wel dEd WHaeE RS HoFEth 1Y 8L
2d geluEES A oz ndo] velulE
Hsto] wel FAE = glg vE WEeE S
.29 739 82 F-E, WY g

d uA4gH
T
a-

[e]

Mo o o
mlm =2 r\r

! 5}

o %

o M
w

f;‘m © &

—@

rE s p

N
o #N
Olﬂ e

2ol N R re o p® orfo B RO ok
>N

o
ol

}ﬂﬂaﬂﬁﬂ

L Qe

s

CIHERHFYI|HE ol &% HEV/EVE 2l F0|2T X2 &

Trans. KIEE. Vol. 60, No. 1, JAN, 2011

Variations of model parameters w.r.t temperature
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Table 2 Parameters of Model Zjs) in Region B when a
constant current 10A and different temperatures
TTC ai ao bi*e-3 bo*e-3
-20 1 0.0883 10.44 1.248
-10 1 0.2995 6.173 2.478
0 1 0.5803 3.782 3.033
10 1 0.8977 2.376 3.089
24 1 1.351 1.266 2.735
40 1 1.61 0.7225 2.138
60 1 1.588 0.3945 1.435
E: 3 89 BolM 2% -20C, 5719 MRZ2 SHHMS
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Table 3 Parameters of Model Zj(s) in Region B when a
constant temperature -20°C and different currents
Current ai aop bixe-3 bo*e-3
1A 1 0.099 11.36 1.45
5A 1 0.08601 10.91 1.245
10A 1 0.0883 10.44 1.248
20A 1 0.1746 8.277 1.986
40A 1 0.855 6.772 6.772
£ 4 29 ColM HM&F 10A, HNMZE 77Hel 2ZolA
of mEl z(s)el mztolH
Table 4 Parameters of Model Zj(s) in Region C when
discharge mode, a constant current of 10A, and
different temperatures
TT C2 C1 Co
-20 0.0015 -0.0834 0.2857
-10 0.0011 -0.0811 0.2811
0 0.001 -0.0807 0.2798
10 0.0009 -0.0806 0.2792
24 0.0009 -0.0805 0.2787
40 0.0009 -0.0805 0.2786
60 0.0009 -0.0805 0.2785
CHEZAFHI|HE 0|88t HEVEVE 2l &0l 28X HEENEH FH

Trans. KIEE. Vol. 60, No. 1, JAN, 2011

5 A9 ColM ™MF 10A, STRE, 7709 2xoA Q]

=28 Zjs)el mh2tolH
Table 5 Parameters of Model Zjs) in Region C when
charge mode, a constant current of 10A, and
different temperatures
TT c3 c2 C1 Co
-20 -0.9257 9.4464 -32.0472 36.1577
-10 -1.116 11.3527 -38.4096 43.2303
0 -1.1511 11.6293 -39.0776 44.6823
10 -1.182 11.8893 -39.7776 44.2721
24 -1.1954 11.9766 -39.9105 44.242
40 -1.1889 11.8792 -39.478 43.641
60 -1.1809 11.7792 -39.0798 43.1265
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