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Linear state-space
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Yi=CrX D utvy
Initialization
For k=0, set
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Zi =E[(xo-X3) (xo — X3)"]
Computation
For k=1,2, ...compute

State estimate time update: Xy =A;_{X5_; + Bp_1Uyp_q
Error covariance time update: 2 =Ak_1Z;k_1A£_1 +2z,
Kalman gain matrix : L,=: 23, C{[C, 25, C + Z,]7!
State estimate measurement update:
Xje =Xj + Lilyy - Ci Xy - DUy
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Nonlinear State-space Model
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Initialization
For k=0, set
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Computation

Fork=1,2,...compute
State estimate time update : X, = (X;_; , Uy_q)
Error covariance time update : X5 = Kk—1£;,k—1A£—1 + I,
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Py g1 =Ag_1Proq iy +Q
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2k =Z k-1 T G [Vie =8 Gk k-1, Ik ) ]
P=[1-GyCy ] Prg-1

Where

n;At
I
oc )l

g(Zy,Ix) =0CV (Zy )+ Ve + Roly

f£(Zy , Ix) =Z - (

—AR —AR
Vrc,k+1 = CXp (Rl_C ) Vrc,k + Rl[ 1- cXp (Rl_C ) ] Ik

T o6 5L b s Qoo al po AL« 5,5 5 andss LTS 7 sl o SOC Jolas Zg

Q syl cadsb g (Il Coglio C g Ry Ry RC oo 53U Ve e le 59 Vie «539)9 0L~

Slidos 0l oo 0 oanlin s sllas LuilylssS Vg loan] 3 slagygi gl (uilylgsS
ol 00 00ls L (V-F) aolea 4 0 ) Jow Lawgs OCV

53 Sl w0aigd )15 la (g5l Jlaw! plsil (550 RC Jae sl il )l den o haghy ool 5

Y IR w)f]la)

ol (V=) Jloges ;0 98,5 18 Lislejl 0,90 by S loj sl p s (550 SledMbol



5o aS e OJ._AT Cowdy uj}f u«:)Lo.w d..lmy SOC Syge 4O OJ.AT Cowdo Sl .l 00l 0ol

esoc,k:/Z\k -Zk (Y-%)
35
> 34
(0]
&0
8
S 33
)
=
g
= 32 ﬂ
3.1
0 2000 4000 6000 8000 10000
Time(Second)
1 \
- i
0.6
(&)
S 04
02 \ﬁ
0.0
0 2000 4000 6000 8000 10000
Time(Second)

ialesl 0,90 b, S oy 4ol p cos (6 5L Sledol (VY-F ) S

Ll il o S Lrgs o (5 031l a8l 3,k 31 oo draslonaSOC canio by g yo Zi

s 0515 5 il izl sllas by Syl Gy jl el Sy SOC o 055 4

4



5l el eolo QL...;

ki Gl e 0 aS F 90 Jow o el polae (F-F ) Joo

Model parameters Model #5 Model #6
K, 3.0896 3.4002
K, 1.1627 0.0080
K, -2.3821 0.0785
K, 2.1870 -0.2150
K, -0.5444 -1.3032

K. -0.19339 0.0891
K, 0.0582 N/A
o 0.4876 -14
o, N/A -18
as N/A 28
a, N/A 40

L((V-F) adolre jo a8, LSQ 9V —iw) 4Bl anwgs opadlS Slo o oS! sl 2l )b

50 Lo el )b led g cdbod (gan 4% )0 dude yoe Slislejl jo 0ol (5] ge ledbl ;I oolaul
8, )5 oalital 5,5a(#5) IS5 wiz Joe s(#6) oz Jue 5,Shes s3]

55 wooims 4|l a b g0 ams o GLAUEKF Ly s LSOC (ass zuls (VA-F) logas

o) Ken 45 5, cnaliie ol ol oo (<) +7 5 )1+ 7)SOC Sgliie g alsl slas L 3,50

Dgds o Sz HE L HO Jow (58,5 I ale 07 fuess slas 4 oo 03 ue33SOC

ay



035 i5eatSOC 31 i #F Joo b cons 035 (yaess SOC cute adsl gllas b ¢ oo

(V=) 5 (Vo-F) slo Jlogai 10 a5 j5 b ylen o ool pudy Joxin g5l Salen gl

Sl o, #O Jae a0 s (6 e <83 YUSOC (s00905e ;0,51 Joe el oo ool yLis

adgl gl Lol plo g 05 ls Slass cdo Lo a8 Jow 90 o el 7Y+ 55 SOC aSalline 550

Estimation Error

Estimation Error

IR R KO [N ON-SN OO SO%

ST

— — — E— ———— e ——— —

/\

"4
—— e — — — | — — o ——
2000 4000 6000 8000 10000
Time(sec) New model(#6)
mm=  Polynomial model (#5)
m— m=+/- 5% Error Bound

r—-

D00

000

Time(sec)

5000

LOOO 10000

ol Jae L 3, Sl s (VAF ) U

a0 d Jol> (Mo, o Ve L Ve M) (6,550 adgl gl L wilgs o 1O sl sodgume

D83 oo gdgs SOC 8,515 Blawe slp |y dsaz Jow ol slya! Jomiln (2w ol o oo 4l

qy



ouig) 3 g laS (paaa) Ly s g JS ¥ - ¥
oy s LMol (gl i e slgidey €53lste & S35 Lylyd (gl ICA az 51
SFLSOHs 50 jo |y e Job Oledbl g wigts glolil ailes oo 35 IC conie S blas
0.5C 5, oledbl ulwl o ICA (gl o iso ) 0 onlds &3l b ool ol a5l o poleo
o= JOCV Sledlbl gl v oo slpiin (g5l el b 45wl wwles ools ylid .l oo (5550
Sl 00,187 BB (0.5C o 5, cw) Jley 5,Ls Sl
Joe L mldae 5L Sledbl aSlol> il oas ools )L (VA=) ,loges o a5 jsb ylen

ol oo il oo s 5Ly aasgi 00 33K EOCY L ol pos (V-F) alslas 4o ous )|

oo9Sae (533, 8 s g0CV-SOC g Slloe (pizlo plois dlowg logituns |, IC et

m259] Comdy
% v.o Charging data
%D W= Fitted cuve
;O Y.¥
=
g
2 yy
A
Yy
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Soc
20
_ 15
S 10
(;;1) m
0
0.00 3.25 33 3.35 34 345
Meausred Voltage(v)

0.5C s 5, ledbl g1,y IC V-SOC lsgei (14-F ) JSs
Cilide glad jooaiyjd cud pla Jlas Y - ¢ - ¢

Sl 00 6)91 g 6).,[; J.A.Q.o g ;.).39) JB‘IG 5o lises LSLQLQQ 5o ).a..) UwJLo)T SleMs|

1



Jogai 1ol g o plomil Lo ) Comla 0l 5 ) gz alis slales 4y axg LICA
o S Ll 4l ol e 45 ol oo talS Les il LIC sl Sy i ains L] (Y- %)
Mo sl Gl Hlms Lod aSalin ols s ol sles jo potd (6,15 58 Gossny b psd
Lo pi Sliles sles (o2 (Lo 58 4 098 00 wnlly 85 IC oo 5 pgs S 10¢
PIC le S o il sl oo Li>BMS 10 5l poeeie 05 Gk 5l Ygene 5L

Aok alias o b el sles

16 [~ == T=35°C

14 |- T=22°C
12 b —T=10°C
=
z 10 F
E B
§ 8
i 6
g
E 4 I
2
N
0 1 i T i
32 3.25 33 3.35 34 345 3.5
Measured Voltage (V)

il glales [0 IC wledbl slo o (Y+-F ) UK
dudjhna.ﬁhu‘gcgﬂbe‘h&' 3 Yy -¥
Slaces el sols s 15T gael IS OCV ssu Jow 5l eoliiwl b glolis guls ax 31
z oo On-board <> o ol gims glp |, ol Sl o Jow o9 s g bl b VL
b s Joe slaylly ol (LS sla Sy ile pasuine Sua s uel)l Judod o osle
A plosl Jae ol 05 LS 5l ey STy 5 Juw il plSoainl g caslus b5l (s 5L o

oty S S e (g5l ool 5yl b 2 Coenl slulid o Wil o ko s cogdlay

0



Z 4y & OCV(2) 5L o 5Ly solpainn Jow &b 51 ICA Jlogad puoy g Judos sl
o S §ien

ae®1@=F1) aye®2(z=F2) aze®3(Z=F3) age®s(@=Ba)

G(Z)=-0cv(z)=-K,

(1+e@1=BD)" 2 (14002=B2))" 3 (14ea3@-Fa))° * (1+e“4(2—B4))2+K5 *-H
e &S 3uS dxg IC uSe G(Z) i dliwy b o polie g b oKl il 0 G(Z)
o 9 Sl (bl Lo Jolo dolae igd oo drulne Jol> (6 dolae o g a0 bl
@) (F-F) oo & jle a5 (0300 by, domiyl j0 098 o Glal a0 (Llow Bl 4 sl

J>oly g Jae sla el by il Lo e Sz S (0 Julod 9 S5 alBlaz 45bG(Z) 9,4

S (o0 yai p) O jge o lal(F-F) dolae 5l Ojle (o oo S0 Sy 05 0 B 0l

age®1(z=B1)

— K, a-f

f(2)=-Ky (treatY ®-%)
a2(z—B2)

fo(2)=-K, 2 ¢-%)
(1+e“2(z—32))
a3(z—B3)

fs(2)= K3 -2 V-¥)
(1+e“3(z—33))
a4(z—B4)

fa(2) =K " (A-¥)

(1+e«4<z—a4>)2

bl melys 1) 55 Slaslin goas Julog &b

.WQT&E;#JQQGJL&W‘)OQ%‘){LQBQNAQ{U)‘M&&KSJ;A‘)Q °
RUCUSVR| UELQ.».A )L»..w) o3 9 (0 8] L:MLQA )$K3 5K1 FURRV-X) &° QL.MJ LR C"L"" L

a5



SLIG(Z) LI/G(Z)  alysgs oS w550 alomlC lilas oo dee (00 sl almssy

Z Jode o0z g0y sloayiol b asasg L ccwl ood ad i (F-F) dloleo j0 ouls

elolis 5 U5 a1 (gloslos JomeeWl Slamlive by azbl o LSl pgs Sy aSil>

:mo;

1 1
-
s K3 1w

OCV(2)=K; —

+ Ko +K;

1+e(@B2) 414z

@-%)

sl ol g ol oo (az 0y K3 Ky o) oasms s sl ¥ fels Jow jbsle Lol o
soal Cowds sla e 45 5,5 somlive g oo ((YN=F) Jlogas ;0 caig o ails &35 ol Koo
Joe 3l ool cans slo sove b cplin g,y (cuiS blod 4 OCV ool Jow 5l eslawl L IC
Iy, JolS Joe g o ool Jaw ol (Slen cdo 5l glawglin (F-F) Joax auns o lis JlS
B8 g 5w oolw (plply .l 2my 5l S Larm gl )50 0 5oy 0 000 o ol

WS e Lai ) oS Joe oY Sialen

18 mm—Cycle 1000
Cycle 1400
ko 16 m—=Cycle 1900
é 14 |===Cycle 2300
2z 121~
g |
5
= Ve =
=
Q
£ A
5
£ 2 =
£ |
v | | I I |
3.2 3.25 33 3.35 34 3.45
Voltage(v)

35% sls ;5 OCV Jows sile ooles 5 e IC Jlsges (V)-F ) IS

vy



JolS Joe 5 00 soles Joe oylos (Sinbow s 5 gl anslia (F-F ) Jgo

Cycle Full Model(mv) simplified model(mv)

1000 0.760 0.805
1400 0.925 0.980
1900 0.946 1.247
2300 1.024 1.559

q=6 + 0104 + 6;K; + 0303 --%)

olid Pl aspod )l oo &1l a5 cwl ool jatkine q = P - Py Ojea q Lol o

o dolre pl o ead Slulis leoBprg cewl adgl Sy Jlaie Py 5 IC Sy polie gouuns
polie s e So polie o 4 e Cawl oais cnilS dolee ol joK3 anil
Jy=S won-board s ,5L SOH asis lp o Sldee los 4 SisBpz. slo il )l
o5 n SOH 55 olSia sinlpls 5 oS BMS 5l e gy ol o 55>

les L59[; eSS Lo il U]

ol solw OCV J..Lo (5LQ)~°‘)IJ 0-%) Jﬁ"\?

Cycle # a, K; as K,

1000 -12.57  0.044 25.9352 -0.2459
1400 -12.29  0.0467  23.2749  -0.2435
1900 -11.57  0.0497  20.4778 -0.2413
2300 -11.4 0.0531 18.5991  -0.2447

A



Ja_}a J_>‘).A 5o 6).:l_: J}l_..) g_i, )‘ i=1,2,...,1'1 9 U3zj ‘Kli Agj b 9 oslon )‘ LS‘A.CM 43‘)‘ L:

0=("P)"d" q

Where
0=1[6p,06,,0,,63]
d=[d1 , bz, ., dn " O\-f)

q=1[d1 9z, qn]"
di =1, aq;, Ky, azi]"

G99 jly sl oo 0ols Lid (YV-F) Jloged jo aS job lan (Vo-F) dolee Lol gl
LB joe Doe ded 10 (A Jokw pb @) axly Jolo o (6 5b Gtalos] @ledbl doe] o wiiws

Ll 00l o iluS

B - Detected IC peak degradation
o4 F |—me— Fited Values
/
03 L - &
/
)
025 V4
-
0.2 /
o 02 e
v 4
/'.
015 e
/4
01 | /'
/.’
005 | -t
-f
/
00 Le__l | | | ]

1000 1200 1400 1600 1800 2000 2200 2400

Cycle #

axly Jsho 3 650 iale] @ledbl glules mbs (YY-F ) o

= diged S Glaim S50 Jelo 90 5l el A3 Sledbol a5 s o las (YY-F) jlogal

19



Wiged S Gleim 50 Ol g Sales [ 500 Sloladl ygu 0103 (00 KL S jou wilgs
Wl Saplon ;550 Slaladl yaay B3 00 G L Sy Wil o

So 31013 sle el wlul o oty o il gl Jok S polae S0 o\l

(V+-F) adoles 5l ool wl U bosiiwe SOH i8S ol ol 09l con i/ (e 22 50 Joku

0.f - Detected IC peak degradation
I— - @ = Fited Values
-
or | ¢ o™
’-o’ \_7
0y | . ®—e -
< -
0y Y <
00 el I | | I | |
1000 1200 1400 1600 1800 2000 2200 2400
Cycle #
0.f F
0y - =
V4
o 0y | S
$—9
—
0.y | -
/-./
00 [p® | I I I I |

1000 1200 1400 1600 1800 2000 2200

Cycle #

91~3 6)5)& I.| )inb J}m 5.) g.)LC}LIoI )I O«.\A—I w\.\.: 449.4;4 u&v LS)LA.AJ s_i..QLo.b (YY"‘; ) JS_.,;

L ol yat (6 5Ls oo, e sl Sing bl o 4y o8 OCV asl Jow caods b 4,
oLS&l on-board & yeas BMS ;o Jow sl colilB g 0TS ams jo sl (555 sla el )b
) adobee ;3 OCV Jato slo ol s 5 IC Sy ol plas o gl s alasd, b g o i

355 pstas Byl 4 085 ol b e Wl o (55 e Jsb Sl () -



\.

Gllgidy 9 ¢S Al aads Jual O

\



sofdaadi ) -0

ady i sl Dby asliy y0 150 (50 Shae Lo s BMS oo ,,680) bl Lo (gl ol 5o
kom0l jlesliinl bs Bb) (s 5L 55 gl (215 QLSS (0235 oy pow Jad )
Sy 1y ellS asd iy Slo 5 (ellS blo sla iy, eizred Lo 0S5 (o0 agi |y aid iy
iy 6l |y (slaigms ensl liaslone alo o 2 0350l 00id peay 45 ol [ il
Pl Soalins 5l (sxdg - olad Jae S5 I SOC 8915 jolaias msls )] cone il
iy L8 BKF S copl iy 5,5 manly ool Joo cdls oy 51 552 olsin SOC L ol o
sl )l olulis 5 Jobw Jos 3l oo 0 ,Slee G S0 cg> EKF all o0 SOC s
i 2ol gy SO 3l eolaiwl L aub 04 oo &1 Joe aSwlSon aile o (BL Jow ()
eized i Gee3S 1) SOC olgs (o0 ot 09 (Jobo Joo S sl Lo aSalSin
a5 093 55,1 38, Jelow «od b i) Ldow Jols oS ccasls gualss SOH o sl 0 4 5Ls
Al Jobow e (bl joliie Cgr (Jsbw oo slo il )l pedais 4y 0B 5l (o g5l

el 4S5l (6550 dloe 4y 08 Wb Lo (rioren
059 oyl l S iy 1) OCV wom bl Joo bo Ghaghy cnl 5o eires
DS 5o A5 Dby eegid Sl 6 5L Gl peid O Gl Gali8l g, Jsb o 1) Tyl ege
i 355e 5t 3 o (s 4y e OOV laions SleSbl (25 15 olStn (ol s
IC lo (o ailin (gady )b 05, (o )G SOC b)) sl EKF L ol oo wyoz (55l
il oles Ll s Jolo oliandio iSl sla (S5g polSonl 4 o5 oo 45 o ol o)l
Slos 2l Joe 5L 55 ool 4 008 Lo sy Ll (3o 5 ogdler 020

Dl (oo i |y 65l 0 Shes S g Jae sl el plee slabal) slo (Shg o s

VoV



Glalgidy Y -0

iyl slaiagiy sl ole Kol alll o baie 4y g mli Gab g glp Gide cnl o

18,5 o Ol pj Slolerioy

7B (S Ol 9 w8k oo by by 5L o e plens layll Sl w4z L e
sle ;s 5l oslaul 1A 5 )ls (63b ) 53l Coodls (a5 5L (eSS s o el
SOladmd g ail ade ailed co by 650 o e piiaw 0,5l g (gl calign
anlys 5550500V Jae loyal (i sl 5550 sl o068l (35S (55, 00|
o,

391 by 5L o e piass 53 (5 5L 55l Sl (et jlaw auils (0 45 jolailen @
Joe o padls STIM caldly (o0 510,55 5 (VL Coal I 55 (6 51 codls Ll sl
Gt Sl add Sl d weilyd oo s 1] LB ealls &Sl gl Jow 4y Cos (5 5
S A (6 e Sl b o2 1) (651 Sl >

Sl e a8l anng ST (Blo ) L 5)ld el (e ST Sl @z b o

g sl i, 5l (o LIl Gigy cnl b aads 5l am euilsis ST il o (L3 slo i,

peple S s din Cowlum L (i oed 5 e g 5 3080 el 4 oS Al g5l

sl

VoY



&l

[1] M. Safari , C. Delacourt ,Modeling of a Commerical Graphite/LiFePO, CellJ.
Electrochem. Soc .Vol. 158,pp.A562 — A5710,2011.

[2] M. Armond , J. M . Tarascon,Building better batteries, Nature,Vol.451,pp.653—
657,2008

[3] M. A . Roscher , D. U . Sauer, Dynamic electric behavior and open-circuit-
voltage modeling of LiFePOs-based lithium ion secondary batteries, J. Power
Sources,Vol. 196,pp. 331 —336,2011.

[4] B. Dunn, H. Kamath, J. M . Tarascon, Electrical Energy Storage for the Grid: A
Battery of Choices , Science, Vol. 6058, pp. 928-935, 2011.

[5] B.Y. Liaw, M. Dubarry CHAPTER FIFTEEN — A Roadmap to Understand Battery
Performance in Electric and Hybrid Vehicle Operation,pp. 375-403, 2010.

[6] E. Meissner , G. Richter,Battery Monitoring and Electrical Energy Management:
Precondition for future vehicle electric power systems, J. Power Sources, Vol. 116 pp.
79-98, 2003.

[7] C. Weng, Y . Cui, J.Sun, H. Peng On-board state of health monitoring of lithium-
ion batteries using incremental capacity analysis with support vector regression, J.
Power Sources, Vol. 235, pp. 36-44, 2013.

[8] V. Pop, H. J. Bergveld, D. Danilov , P.P.L. Regtien, P.H.L. Notten,Battery Man-
agement Systems: Accurate State-of-Charge Indication for Battery-Powered
Applications, first ed., Springer , 2008.

[9] S. Piller, M. Perrin, A. Jossen, Methods for state-of-charge determination and their
applications, J. Power Sources, Vol. 96, pp. 113-120, 2001.

[10] S. Santhanagopalan, R.E. White, Online estimation of the state of charge of a
lithium ion cell, J. Power Sources, Vol. 161, pp. 1346-1355, 2006.

[11] M. Verbrugge, E. Tate, Adaptive state of charge algorithm for nickel metal hydride
batteries including hysteresis phenomena, J. Power Sources, Vol. 126, pp. 236-249,
2004.

[12] X. Hu, S. Li, H. Peng, F. Sun, Robustness analysis of State-of-Charge estimation

\-F



methods for two types of Li-ion batteries, J. Power Sources, Vol. 217, pp. 209-219,
2012.

[13] M. Safari, C. Delacourt, Mathematical Modeling of Lithium Iron Phosphate
Electrode: Galvanostatic Charge/Discharge and Path Dependence, J.Electrochem. Soc.,
Vol. 158, pp. A63-A73, 2011.

[14] J. Groot, State-of-Health Estimation of Li-ion Batteries: Cyte Life Test
Methods, Masters thesis, Chalmers University of Technology, 2012.

[15] R. Yazami, P. Touzain, A reversible graphite-lithium negative electrode for
electrochemical generators, J. Power Sources, Vol. 9, pp. 365-371, 1983.

[16] M. Dubarry, V. Svoboda, R. Hwu, B.Y. Liaw, Incremental Capacity Analysis and
Close-to-Equilibrium OCV  Measurements to Quantify Capacity Fade in
Commercial Rechargeable Lithium Batteries, Electrochem. Solid St., Vol. 9, pp. A454-
A457, 2006.

[17] M. Dubarry, B.Y. Liaw, Identify capacity fading mechanism in a commercial
LiFePOscell, J. Power Sources, Vol. 194, pp. 541-549, 2009.

[18] X. Feng,J. Li, M. Ouyang, L. Lu, J. Li, X. He, Using probability density function
to evaluate the state of health of lithium-ion batteries, J. Power Sources,Vol. 232, pp.
209-218, 2013.

[19] X. Han, M. Ouyang, L. Lu, J. Li, Y. Zheng, Z. Li, A comparative study of
commercial lithium ion battery cycle life in electrical vehicle: Aging mechanism
identification, J. Power Sources, Vol. 251, pp. 38-54, 2014.

[20] A.J. Smith, J.R. Dahn, Delta Differential Capacity Analysis, J. Electrochem.
Soc., Vol. 159, pp. A290-A293, 2012.

[21] X. Hu, S. Li, H. Peng, A comparative study of equivalent circuit models for Li-ion
batteries, J. Power Sources, Vol. 198, pp. 359-367, 2012.

[22] H.V.He,R. Xiong.and.H. Q. Guo,”Online Estimation Model Parameters and state-
of-charge of LiFePO, Batteries in electric vehicles,” Applied Energi, Vol .89, no.1. pp.
413-420,2012

[23] Z. H. Cai, G. F. Liu, and J. Luo, “Research state of charge estimation tactics of
nichel-hydrogen battery,” in Proceedings of the International Symposium on
Intelligence Information Processing and Trusted Computing (IPTC 10). PP.
184 -187,Huanggang, China, October 2010.

[24] N. Watrin, B. Blunier, and A. Miraoui, “Review of adaptive systems for lithium

ARIA



batteries state-of-charge and state-of-health estimation,” in Proceedings of IEEE
Transporrtation Electrification Conference and Expo, PP. 1-6, Dearborn, Mich,
USA, June 2012.

[25] A. A. A. Elgammal and A. M. Sharaf, “Self-regulating particle swarm optimised
controller for (photovoltaic-fuel cell) battery charging of hybrid electric vehicles”,IET
Electrical Systems in Transportation, vol. 2. No. 2, pp. 77-89,2012.

[26] M. Bruning and E. Di Nardo, “ The State of Charge Estimating Methods for
Battery: A Review ” Department of Electrical Engineering St. John University pp. 2-3
[27] A. H. Anbuky and P. E. Pascoe, “VRIA battery state-of-charge estimation in
telecommunication power systems”, IEEE Transactions on industrial Electronics,vol.
47,no0. 3,pp. 565-573,2000.

[28] S. Rodrigus, N. Munichandraiah, and A. K. Shukla,”A review of state-of-charge
indication of batteries by means of A.C. impedance measurements”, Journal of Power
Sources. Vol. 87, no. 1-2, pp. 12-20, 2000.

[29] F. Huet, “A review of impedance measurements dor determination of the state-
of-charge or state-of-health of secondary batteries”, Journal of Powers, Vol. 70, no. 1,
pp. 59-69, 1998.

[30] K. S. Ng, C. S. Moo, Y. P. Chen, and Y,C.Hsieh, “Enhanced Coulomb counting
method for estimating state-of-charge and state-of-health of lithium-ion batteries,
“Applied Energy, Vol. 86, no. 9, pp. 1506-1511, 2009.

[31] M. Bruning and E. Di Nardo, “ The State of Charge Estimating Methods for
Battery: A Review ” Department of Electrical Engineering St. John University pp. 2-3.
[32] W. Y. Charge, “State of charge estimation for LIFePO, battery using artifical
neural network”, International Review of Electrrical Engineering, Vol. 7,n0.5,pp.5874-
5800, 2012

[33] H. Guo, J. Jiang, and Z. Wang, “Estimating the state of charge for Ni-MH
battery in HEV by RBF neural network™ in proceeding of the International Workshop
on Intelligent Systems and Applications (ISA 09), PP. 1-4, Wuhan, china,May 2009.
[34] W. He, D. Huang, and D. Feng, “The prediction of SOC of Lithium batterie and
varied pulse charge”, in proceedings of IEEE International Conference on Mechatronics
and Automation (ICMA 09), PP.1578-1582, Changchun. China, August 2009.

[35] A.]J. Salkind, c. Fennie, P. singh, T. Atwater, and D. E, Reisner, “Determination

of batteries by fuzzy logic methodology”, Journal of Power Sources, vol. 80, no, 1-2,

)8



pp-293-300,1999.

[36] P.singh. R. Vinjamuri, X. Wang, and D. Reisner, “Design and implementation of
a fuzzy logic-based state-of-charge meter for Li-ion batterries used in portable
defibrillators”, Journal of Power Sources, vol. 162,n0. 2, pp. 829-836, 2006.

[37] T. Hasan and C. J. Wang, “Support vector based battery state of charge estimator”,
Journal of Power Sources. Vol. 141, no. 2, pp. 351-358, 2005.

[38] I. H. Li, W. Y. Wang, S. F. Su, and Y. S. Lee, “A merged fuzzy neural
networkand its applications in battery state-of-charge estimation”, IEEE Transactions
onEnergy Conversion, vol. 22, no. 3, pp. 697-708, 2007.

[39] L. Xu, J. P. Wang, and Q. S. Chen, “Kalman filtering state of charge estimationfo
battery management system based on a stochastic fuzzy neural network battery
model”, Energy Conversion and Management , vol. 53, no. 1, pp. 33-39, 2012.

[40] V. Pop, H. J. Bergveld, P. H. L. Notten, J. H. G. Op het Veld, and P. P. L. Regtien,
“Accuracy analysis of the state-of-charge and remaining run-time determination  for
lithium-ion batteries”. Measurement,Vol. 42, no.8, PP.1131-1138, 2009.

[41] J. Wang, B. Cao, Q. Chen, and F. Wang, “Combined state of charge estimator for
electric vehicle battery pack”, Control Engineering Practice, vol. 15, no. 12, pp. 1569-
1576, 2007.

[42] J. Kim and B. H. Cho, “State-of-charge estimation and state-of-health prediction
of a Li-ion of a Li-ion degraded battery based on an EKF combined with a per-unit
system”, IEEE Transactions on Vehicular Technology, vol. 60, no. 9,pp.4249-
4260,2011.

[43] http://www.sababattery.ir/content/251.

Sos s ks o b awwl oy 50 (A3 Sl gldas" ((VYAA)E Y5 o (5,00 FF]

Ol B st (a8 resin )L el
[45] Jantharanin N, Zhang Z., (2006) “A New Dynamic Model for Lead-Acid
batteries”
[46] Sauer D. (2003) “Electrochemical storage for photovoltaics”, Handbook
fphotovoltaic science and engineering, A. Luque and S. Hegedus, Ed
Chichester.UK:John Wiley & Sons Ltd., pp. 799-862.
[47] Ziyad M, Salameh Margaret A, Casaca William A, (1992) “ A Mathematical
Model for Lead-Acid Batteries”,IEEE Transactions on Energy Conversion, Vol. 7,No.1

VoV



[48] Technical Handbook Value-Regulated Lead Acid Batteries, FIAMM-GS
[49]Handbook for Stationary AGM-VRIA batteries, Part 2: Installation,
Commissioning and Operation.

[50] Kong-Soon N, Chin-sien M,Yi-Ping C,Yao-Ching H, (2008) *“ State-of-Charge
Estimation for Lead-Acid Batteries Based on Dynamic Open-Circuit Voltage”, 2nd
IEEE International Conference on Power and Energy (PECon 08), Johor
Baharu,Malaysia.

[51] Ziyad M, Salameh Margaret A, Casacca William A., (1992) “A Mathematical
Model for Lead-Acid Batteries”, IEEE Transactions on Energy Conversion,Vol 7.No.1.
[52] Salameh M, Casacca M, Lynch W. (1992) “A mathematical model for lead- acid
batteries”. IEEE Transactions on Energy Conversion, volume 7, No. 1.

[53] Shephered C, (1965) “Design of Primary and Secondary Cells”, Journal of The
Electrochemical Society, vol. 112, pp. 657-664.

[54] V.Prajapati, H. Hess, E. J. William et., “A literature review of state of
chargestimation techniques applicable to lithium poly-carbon monoflouide (LI/CFx)
battery”, in Proceedings of the India International Conference on Power Electronics
(IICPE’10), PP. 1-8, New Delhi, India, January 2011.

[55] J. Chiasson and B. Vairamohan, “Estimating the state of charge of a battery”,
IEEE Transactions on Control Systems Technology, vol. 13, no. 3, pp. 465-470,

2005.

[56] K. S. Ng, C. S. Moo, Y. P. Chen,and Y. C. Hsieh, “State-of-charge estimation
for lead-acid batteries based on dynamic open-circuit voltage”, in Proceeding of the
2nd IEEE International Power and Energy Conference(PECon ’08), pp.972-976, Johor
Bahru, Nalaysia, December 2008.

[57] M. Coleman, C. K. Lee, C. Zhu, and W. G. HurleyState-of-charge determination
from EMF voltage estimation: using impedance, terminal voltage, and current for lead-
acid and lithium-ion batteries”, IEEE Transactions on Electronics, vol. 54, no. 5, pp.
2550-2557, 2007.

[58] S. Abu-Sharkh and D. Doerffel, “Rapid test and non-linear model characterisation
of solid-state lithium-ion batteries”,Journal of Power Sources, vol. 130, no. 1-2, pp.
266-274, 2004.

[59] S. Sato and A. Kawamura, “A new estimation method of State of charge using

terminal voltage and internal resistance for lead acid battery”, in Proceedings of the

VoA



Power Conversion Conference, pp. 565-570, Osaka, Japan, April 2002.

[60] R. Li, J. F. Wu, H. Y. Wang, and G. C. Li, “Prediction of state of charge of
lithium-ion rechargeable battery with electrochemical impedance spectroscopy theory”,
in Proceeding of the 5™ IEEE Conference on Industrial Electronics and
Applications(ICIEA’10), pp. 684-688,Taichung, Taiwan,June 2010.

[61] V. Prajapati, H. Hess, E. J. William et al.,”A literature review of state of charge
estimation techniques applicable to lithium poly-carbon monoflouride (LI/CFx)
battery”, in Proceedings of the India International Conference on Power  Electronics
(IICPE’10), pp. 1-8, New Delhi, India, January 2011.

[62] T. Weigert, Q. Tian, and K. Lian, “State-of-charge prediction of batteries and
battery-supercapacitor hybrids using artifical neural networks” Journal of Power
Sources, vol. 196, no. 8. Pp. 4061-4066, 2011.

[63] O. Lianda, E. J. Willilam,M. Huff et. al,“Intelligent neural networ
implementation for SOCI development of Li/CFx batteries”, in Proceedings of the
2nd International Symposium on Resllient Control Systems (ISRCS’09), pp.57-62,
Idaho Falls, Idaho, USA, August 2009.

[64] T. Weigert, Q. Tian, and K. Lian,”State-of-charge prediction of batteries and
battery-supercapacitor hybrids using artificial neural networks”, Journal of Power
Sources, Vol. 196, no. 8, pp. 4061-4066, 2011.

[65] S. Malkhandi, “Fuzzy logic-based learning system and estimation of state-of-
charge of lead-acid battery”, Engineering Applications of Artificial Intelligence, vol.19,
no. 5, pp. 479-485, 2006.

[66] Y. S. Lee, W. Y. Wang, and T. Y. Kuo, “Soft computing for battery state-of-
charge (BSOC) Estimation in battery string systems”, IEEE Transactions on Industrial
Electronics, vol. 55, no. 1, pp. 229-239, 2008.

[67] Austin Bluffs Parkway, P.O.Colorado Springs,”Extended Kalman filtering for
battery management systems of LiPB-based HEV battery packs”, Department of
Electrical and Computer Engineering University of Colorado CO 80933-7150, USA.

[68] M. A . Roscher, D. U. Sauer, Dynamic electric behavior and open-circuit-

voltage modeling of LiFePO4-based lithium ion secondary batteries, J. Power

Sources,Vol. 196,pp. 333 —335,2011.

[69] C. Weng, Y . Cui, J.Sun, H. Peng On-board state of health monitoring of lithium-
). 9



ion batteries using incremental capacity analysis with support vector regression, J.
Power Sources, Vol. 235, pp. 38-47, 2013.

[70] S. Piller, M. Perrin, A. Jossen, Methods for state-of-charge determination and
their applications, J. Power Sources, Vol. 96, pp. 115-119, 2001.

[71] S. Santhanagopalan, R.E. White, Online estimation of the state of charge of a
lithium ion cell, J. Power Sources, Vol. 161, pp. 1344-1350, 2006.

[72] M. Verbrugge, E. Tate, Adaptive state of charge algorithm for nickel metal
hydride batteries including hysteresis phenomena, J. Power Sources, Vol. 126, pp. 233-
242, 2004.

[73] X. Hu, S. Li, H. Peng, F. Sun, Robustness analysis of State-of-Charge estimation
methods for two types of Li-ion batteries, J. Power Sources, Vol. 217, pp. 211-218,
2012.

[74] J. Groot, State-of-Health Estimation of Li-ion Batteries: Cycle Life Test Methods,
Master’s thesis, Chalmers University of Technology,Vol.131, pp.145-152, 2012.

[75] R. Yazami, P. Touzain, A reversible graphite-lithium negative electrode for
electrochemical generators, J. Power Sources, Vol. 9, pp. 360-361, 1983.

[76] R. Yazami, P. Touzain, A reversible graphite-lithium negative electrode for
electrochemical generators, J. Power Sources, Vol. 9, pp. 365-371, 1983.

[77] R. Yazami, Y. Reynier, Thermodynamics and crystal structure anomalies in
lithium-intercalated graphite, J. Power Sources Vol. 153, pp. 312-318, 2006.

[78] M. Dubarry, V. Svoboda, R. Hwu, B.Y. Liaw, Incremental Capacity Analysis and
Close-to-Equilibrium OCV Measurements to Quantify Capacity Fade in Commercial
Rechargeable Lithium Batteries, Electrochem. Solid St., Vol. 9, pp. A454-A457, 2006.
[79] A.J. Smith, J.R. Dahn, Delta Differential Capacity Analysis, J. Electrochem.
Soc., Vol. 159, pp. A288-A290, 2012.

[80] G.L. Plett, Extended Kalman filtering for battery management systems of LiPB-
based HEV battery packs: Part 3. State and parameter estimation, J. Power Sources,

Vol. 134, pp. 277-292, 2004

VY.



Abstract

The growing concern over oil shortage and environment is sues has
greathy accelerated the development of alternative power and energy
solutions to displace fossil fuel in recent years.among the various choices
of energy storage technologies,it is well recognized that battery systems
can offter a number of high-value opportunities given their advantages in
portability and energy efficiency,particularly for mobile applications like
robot.given the fact that batteries have been used to power an increasingly
diverse range of applications,from cell phones to electric avehicles,robot
and et ceteramore reliable and efficient battery management
systems(BMSs) need to be developed.
Open-circuit-voltage (OCV) data is widely used for characterizing battery
properties under different conditions.it contains important information that
can help to identify battery state-of —charrge and state-of-health. While
various ocv models have been developed for battery soc estimation,few
have been designed for SOH monitoring.we propose a unified ocv model
that can be applied for both soc estimation using the new model campared
to other existing models are demonstrated.Moreover, it is shown that the
proposed ocv model can be used to perform battery SOH monitoring as it
effectively captures aging information based on incremental capacity
analysis (ICA) parametric analysis and model complexity redurn are also
addressed Experimental data is used to illustrate the effectiveness of the
model and its simplified version in the application context of soc estimation
and SOH monitoring.also to study state-of-charge estimation based on

extended kalman filter for robot battery and shown is similar result too .

Keywords: Robot, Open Circuit Voltage, State Of Charge, State Of Health, Extended
Kalman Filter, Increase Capacity Analysis.
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