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Abstract: To address the limited generalization capability of single capacity degradation models in predicting the re-
maining useful life (RUL) of lithium-ion batteries under varying operating conditions, this paper proposes a prediction meth-
od based on the interactive multiple model particle flow filter IMM-PFF). The method employs particle flow filter to col-
laboratively estimate the states of exponential, polynomial, and Verhulst models, and dynamically integrates multi-model
predictions within an interactive multiple model framework, thereby adaptively matching the multi-phase characteristics of
battery degradation. Experimental validation is conducted using lithium-ion battery degradation datasets (NASA and
CALCE) under diverse operating conditions, which are divided into three distinct degradation phases. Results demonstrate
that compared to single-model particle filter methods, the IMM-PFF reduces the root mean square error (RMSE) of capacity
prediction and the absolute RUL prediction error by 24.3% and 4.5%, respectively. This study provides a novel high-preci-
sion and highly robust framework for lithium-ion batteries lifespan prediction in complex operational scenarios.
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(5) 22 H ity
x(klk)= zxj (klk) u; (k) (40)

P@O= >, (0| Pikli+ [ £ (i3 11"} (41)

F A IR R AT LUARAT 1 i 20 R A Al
X(klde) P 11525 B 7 2250 42 P (ki) .

4 LBHERSHH
4.1 EFTEBEEE

TEP B 7 A A A b, it A e S B T
AR AT B 1 I TR 8 T R Ay T AR v R
AR, b HL 22 SR ey 25 2R i JA 1) T P (Center for
Advanced Life Cycle Engineering, CALCE) #47 T R4 11

SR AR ST B T R L AE R W] T B 4 R
B Ho AT A2 A3 3K 3 41 B T
AR T H Tt A AR AR R R A A A T . 3 3 ZH AR e AR
Sy RER T LML ZE A [R] A 7RO AR A T B S AR A
B0 . 55 2 2 v R AR B ok 1 36 R GRS R R Tl
) 2538 Fr o0 (National Aeronautics and Space Administra-
tion Prognostics Center of Excellence, NASA PCoE) , i1
X4 R b WA 18650 Li-ion — Y HL b , BT BRFK
LN 3.7V, g BRI SE L L R O 4.2V BUE AR
2 Ah. 55 3 24 it R AR B A K A 16 42 28 K% (Xian
JiaoTong University, XJTU) , F256 %6 G2 A 0007 i) 18 /Y
18650 BB R AR P L , L AYARFR AT 2 000 mAh,
FRAREL N 3.6 'V, 78 HL A 1k H e I A 48k F s 53 0l
4.2 VAI2.5 V. 3B Y B RS 1 it A iR Al b
ZE 2R .

4.2 MBEBHBEREFE

A SO 28 B3 22 A AN 3 2 f 3l 1Y S R 28 e R
P BEAT DR AN S B RT . B— A H X O AR S T
S A AEAT J2 vh 25 2 R 0 A 2 I 11 2 2 F Tt B
P BT, DB vt A IR ZS 7 B Bwn i 8 Il
B LT A2 R A3 SAEIRCY- 15 )5 3845 Il v
Tt A2 RS 7 RS E) 1 (O R8540 H ol A 1R A3 2
BT A 5 MR F it A3 RS T R S 8000 1 1 I
YIZRECE L3t A1 A2 SH0R 21 .

TS B IMM X A S EAE L R 3 A
BEAY RPIR S B S BN b A i, AR EO AL R 4], — 2
REFRH I RRBIELIT
C(k+1)=C(k)+B, exp(B,k) [ exp(B,)—1]

+B; exp(B k) [ exp(B,)— 1] +w.w,— N(0,0)

S R

wk)=C(k)+v,,v,—> N(0,0) (43)
Forr, COk) 7 TEE | ARER YIS 14 Hi i 7] ] 2 500
1B 5 (k) 275 55 b A P YR 08 25 1 DU 065wy AT o, S
TYE AR EZE N o B TR 5 B B, By T By Y
4.3 KWERSH
4.3.1 SR

FESEI R, LA 70 UG PR B A A I 24, i 403 Tt
PLSE 71 G B0 g e i, v S 30000 LA 365 81 YA 34 Ay s
S JE SR TN LSS 91 YRAE I Ry ke £, R AL {2l SOH=
0.72 Ah, B 784 €,=0.72 Ah. A1 HL3t Y SEPR A4 A 212
R, A2 W Y S Bn A7 189 IR A , A3 HEL T ¥ 52 s A7
i 1349835 .

R T UEAS ST B B A RO A 34 7 AR R
2 (Root Mean Square Error, RMSE) | ¥ )7 1% 2% (Mean-

42)
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(¢) XJTU
B2 T h AR feth 2k
square error, MSE) ()45 X} 1% 2% (Mean Absolute Error,

MAE) Fl i 1% 2% (Prediction Error, PE ) & i £ {7 B 4%
SR BYHER P R I, S AR AR R IR

1 & N
RMSE = N;(Creal_cpre) (44>
MSE= L S(C-C,. ) (45)
_N;( real pre)
1 N
MAE = ﬁz Cre— Cie (46)

i=1

PE=|RUL,,~RUL,, (47)

4.3.2 SHMEWMNMEERXIEER

& 3~ & 5 7R T IMM-PFF 83 19 ) /i s AL,
A2 R A3 7R iR w4 . 7E IR By 3, 3301k 1) il
MRS LR R Z MAER R ES, TREFEEN
THUE LA AR 3 AR (9] L HE R R 0.3.0.3
0.4, B ZE AL, R R3S,
TOUI0 5  AE HE AT B BT PR A . AR AR
b 1) 2 AP B o B BRI 22 B B B, IMM-PFF 13
W75 iR S SRS A AT A, RIZ B L R
A 255 TN AN [i] e b 1 8 3% 7 o

¢ 3 JE 7R IMM-PFF 1 PFF &2 55 T 3 25 F, vl {gkt JE
RS RIRZTRAR . SRR AR R PRF 38 I Ak 11
Y 45 B4 e, IMM-PFF £ RMSE . MSE . MAE #il PE & /b
[ A 24.3% . 42.3% . 35.1% 1 4.5%. 1 Hij 196 3£ i
IMM-PFF 553 15000 3 2 F 9l 25 0 190 G 32 15 2 A0 G 4
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# 4R T IMM-PFF J5 3578 XJTU H i B0 4
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WHSEERZE R . K 4 0] LUE 1, 765 Ha 3t 75 i T
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