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2 1.8463 2.0251 1. 8806 1.8432
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15 1. 8026 1.9011 1.8591 1.7809
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x, = flay) +uy (4)
ye = h(x,) +v, (5)

x, PN RGCY IS ZIPIRAS A, v, FR RGHS AT
ZIEIIAE , & B3R G0 S Z0 p RS e . (1)
JEIRASILAL pREL, FRAE F2 G0 AT — I 2R S 0 224 i st
ZIRASZ R REOC R 5 h(+) SN pRAL, RAE R
G R AS TR B 22 ) 1) bR SO 2R, A R A 28/ — A
AR, FERGIMER  FOR RGAE b %%
FAPLBN 5 v, S b B2 LI MRl Rk S
A RN —Bi T SRR AR ARY B4 i i 220 4R
& xy HGRT—BFZPR x,, A K

ROTERGR X, = xo = 1xg, 2,000, ) F
Vi = You = {90 vauuyi b 200N O 2 & i 2
JITAT RSB MR plr DO i 0 g 75 30 Se 364
R

Pl ¥iy) = [pCotx Dp(a | Y,L) de

(6)
FHE T BN v, S, R0 DL 38 2 2R
Jola A BT B 5 SR

_ Py x)p(x, 1 Y, y)
plx ¥y = Pyl Yip) 7)

B B MR A 1 2R PRI B RGOS A
A

%= ELfe) 1 Y] = [fGe)pCe | V) ds,

(8)

SRR VAR (0% 0 FE KRR ) P R R AR 4,
TR TS B S SRR A A . M IR
PRI N AN ST R AR R BEDLREA . (i = 1,

2, N), SRR p(x, | Y,) SLEL

AR S WD (9)
Fb e =) HRISERAEC, 1E x # 0, I 5(x - x,)
=0, H [6(x)dv = 1, flit RECRA I HRAL



ik

RS < TR T UB R L R T L T R AR A i T D EE AT

Bk R
%= ELf(x) 1 Y] = [fe)p( | Y)dy,

= VXA (10)

PSP P R T T T HE DA S 06 A R B v LR
1, PR Ry Tk T M R 1 BRI =X R0
U ) FE B R AE T IR B A — 5 T oRAFE 1 F A
RTERE q(x, 1Y), IWHERAERL T, Bl R AL
AR K, BREATLREAR A ORI 728 1 18 ST B 52 B9 )i S AR
R p(x, | Y,) o REUIRSHAETHES

zf< ())p(xk)l Y,)

Elf(x) 1 Y, ] = @y

Ly ehelan
0@ = P(Yk I xk)p(xk) o P(xk | Yk)
' q(x, 1Y) q(x, 1 Y,)
o, A i ARLT AR, kA TR
WL AR TR SR p (2, 1Y) Flg(a 1Y),
B (12) 5 U e A
w;(ti) = w;! )1 Pl l(:i )> ?p;;l j;kji)l (13)
TETHEACE I 380 00 RO 2 e R A3 28 1 oK
Bp ooy 1oy, ) VRS EESEVERRE AR5 32 pR 5, DA R 1Y)
RN
o, = o ply I x5) (14)
KL A ZE AT — Ao b I 2R A 3
{E]

(12)

Zx() () (15>

BEE R A 1 2 AR R 19 A 7 2% 3
KU Bk TAUER T 0, S B0k T4, 280k
T FHALEE S/, 6 ARSI 1 STk EL . X
MUK T RIRIIS . SRR EAUZ SR /N
KL R4 AR 55K AR A 4l AR R /)N
INULASF , R K3 22 B, A S i A 1ok
MIRLT4E , &AL R 1/N,

Fil 1R AL AR B AR AT AN R AUl

= 1
New =~ — (16)

o) BT, AT E B N, Y
Ny < Ny BPA RO, F B T E R A, HR
FEIE RS AR SR (15) | 5 MR % B
FaW/(II

px, 1Y) = 2(,02”6(9@ _x/r ) (17)

4.2 NFREEZIRIEBHNETERR

REF-UR I (PF ) 5300k REAR 47 i B 5 Pl b 25 5 119
AR (H e T BN R AR RS 25 ) 5 2
St I BRI A I B W] VR PFRIRES S
Ty WL 5 e D 2 A RS A A SR Ak o) e
eI, BIMIEAh

C, =C,_exp(b) +c-exp(d-k)

(1 —exp(b-d)) +mp, (18)

Z, =C, +v,

Hepr, €, 25k R SEhrsat, Z, &4 xtg
AL, o, F1 v, 59RO ZE 26 04 15 357 0 1 o
PF B AR F

(1) PF ZHiiait.:

BCE SRR RN, M5 22, i 5EE p(x, ) 2
BCRFERLTEE (x|, B 0, = 1/N;
fork=1,---,T

(2) EZERFE:
oIV, DN EE B A R 2
Y,) HOREEA R
LRI — Ak

(3) HRFE:

If Ny < Npo B S HORF 2 T BUE R /N R T
S, BN AL R AR T8 1 1, R
{HIEN 1/N;

(4) HLEAGTHRIS B2 B0

AR 15) At x,, 2R x, < 0.8C,: 7f
IG5, kRIS i 1 i i RUL Al 1A, I FH
KA HHFE R R, S EZ L) ~
(4).

DL A8#HL S 4], BT PF 535 A 41 B ith RUL
T 25 R Aan el 3 i, 15 B 46 a5 eycle =
70,

PRI (](xk |
Pl RS (13) A

fori=1,--

— 703 —



AR 2017 4F8 H 27 & 8 M
2 T T T N N = — 3 _ v A
¥ s A Burg % /D I L i Yule-Walker 746, 45
i -~ BatterylS#HIARIEE | K F /N Ffe ki F A 2%, a4
1.9 N SCR BN ik A IRH R 5 T4
1.8r 1 Y = [xp+1 X, T Xy ]
g Ll FERBFEIRLE IR ﬁiﬂﬂ?ﬁﬁﬂ X, X, x,
1A
g 16| X — xp+l x1 xZ
& : :
1.5¢
Ny \{\\ Xy Xy 0 Xy,
14| HhsRBIE AN NN SN " o
e A /N3 iE Al 11 B BH R ¢, 1Rk
20 40 6 8 100 120 140 Hhd = (X'X)'X'Y, BB p BB RE T A B

F
B3 ET PFHiZpm it RUL Ful h 2k

t T PF A AR (18) r A i 7 5 51 0
WIE B SR 00 A T, SR T PR G 20 B R R fy
it B, B A 1T (AR ) B B F 38 5
T L B L v A AT — 4T e v
WM, LSS TE ORI (i £ S B A, 48 B0 A
FAE 0, R AR RS2 A 7 L (18)
A LU TE 2SR A 2, 418 8 T v 1

5 AR B[] J7 7 A

5.1 AR Bf[E) 7 5B R B2

AR ][] 7 91 A AR 22 48 v B — 8 5 (4 08 D A
IS TA) MO ( Bk ) pe) B A ) ) HE 91 1 — BB 91
JERWE IS AL — & B N 2 3l i 72, o 348
BT X L A R (TS SR 1D e i [N i S
2B o AR Y 1 ] 37 2 R T 3 A
F[”] H

X, = pix, +Pox,, o+ dx,, oo

<o
Hrr, p & AR SRV Y4, BERLAT LICAE AR(p)
¢, & A IHRE, x, ZENEFIE, o SHHN
T IR o’ WA, Hiby, (1 =12,
N) BIRETHE T LA Z 5 p A 20 68 WL AR ) 2
SRAFINN L ¢ B 220 Ry M SR A%
5.2 AR HEFIERNSHHE

AR IR P SRS ) S HCA 8 p, B EHH R AL
bry by, b, MR 22 o o [ BIE R BT

— 704 —

(19)

LRI 2= ( final prediction error, FPE) #EN , 753t
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BIC(n) = Nlng” + nInN (20)
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T RUL Tl 52 56 285 SR 1 5 S 23R 28 B 0 A

fp—rre=r

;
1
ol & EHERA i 1
B2 R TRIAZ A Hcycle=60 !
-—- Hillligth Heycle=10 | PRI
18} =+=+ Bt foycle=80 | | I
= FRLR |
ERY. i
: Bh
% 1.6 i i
H i
151 ; :
< i
L4l ThETRE RN AN
1.3 0 50 100 150

F
Bl 5 O5#F it A B 2 44 Tl B B 9 RUL Fi 45 SR

0.1

Tive

-——— TR s cycle=60
0.09 || ——— TR sicycle=70
""" FRAELE s cycle=80

0.08 -
o
R 007 b
pan
£ 0.061
& 0.051
&
N 0.04
=
iz 0.03 -
=
41 0.02
0.01

o

L
3
i LS

0 . 0 : ] :
95 100 105 110 115 120 125 130 135
i B A HHE (AR)

B 6 O5#HBitmMHEIEHEZEESH

-
e s
ol PO,
o o o e o
——

-

L
k

WL HTEL S 25 G 05 #HL b SC I 245 R, B
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(Ziak4)
PF 89 23
06# 112
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Research on prediction of the remaining useful life of lithium-ion

batteries based on particle filtering

Zhang Ning" ™ , Xu Aidong ", Wang Kai”, Han Xiaojia” ™, Seung Ho Hong ™
( " Industrial Control Networks and Systems Department, Shenyang Institute of Automation,
Chinese Academy of Sciences, Shenyang 110016)
( ™ University of Chinese Academy of Sciences, Beijing 100049 )
( " Department of Electronic Systems Engineering, Hanyang University, Ansan 15588, Korea)
Abstract

The particle filtering is used to study the prediction of the remaining useful life (RUL) of lithium-ion batter-
ies, and a simple and effective algorithm fusing the model method and the data-driven method for RUL predicting is
proposed. The algorithm uses the fusion of the model method and the data-driven method to modify the double expo-
nential empirical degradation model to reduce the model parameters and the parameter training difficulty, uses the
particle filter algorithm to track the battery capacity degradation process, and uses the auto regression model to
modify the observation value of the state space equation to improve the prediction accuracy. The experimental
results show that the proposed algorithm can effectively predict the remaining useful life of lithium batteries.

Key words: lithium-ion battery, remaining useful life (RUL), particle filter, double exponential empirical

model

— 707 —



