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Abstract: Lithium-ion batteries are an important energy storage sources, and it is of great
practical importance to predict their remaining useful life (RUL). First, the battery data are
treated as matrices, and singular value decomposition (SVD) is introduced to extract the
potential health indicator (HI) from the measured data and the feature extraction objects
containing more degradation information. This will address the drawbacks of traditional feature
extraction methods that rely on parameter settings and poor adaptability to different lithium-ion
battery datasets. Second, the redundancy and deficiency of potential Hls affect the prediction
of RUL, and thus, a fused HI is obtained by processing Hls using Spearman correlation
analysis and stacked autoencoder, considering the shortcomings of principal component
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analysis (PCA). Accordingly, a model between fused HI and capacity is constructed using the
Gaussian process regression algorithm, and the final prediction results with uncertainty
expression are obtained. Finally, the feasibility and validity of the proposed prediction model
are verified by four aging batteries provided by NASA. The MIT battery dataset is used to
verify the adaptability of the feature extraction method. The experimental results show that the

proposed RUL prediction framework has good prediction performance and that the SVD
feature extraction method has good adaptability while avoiding parameter settings. The HI
extracted in this paper has significantly improved the prediction accuracy compared with the

HI after PCA fusion and other His.

Keywords: lithium-ion batteries; remaining useful life; singular value decomposition; stacked
autoencoder; gaussian process regression
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Fig. 1 Capacity degradation curves of four batteries
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Table 1 Spearman correlation analysis of 15

potential His and capacity of four batteries

—— His Spearman i< &%
B0O0O05 B0006  B0007 B0018
JHCFL LR HI1 09943 0.9982 0.9953 0.9876
G HI2 09873 0.9986 0.9949 0.9888
iGN HI3 08118 0.6690 0.8864 0.9688
IGERE GV HI4 09953 0.9986 0.9945 0.9917
I GEE IV HI5 09870 0.9987 0.9945 0.9892
BOLERMER ] HI6  0.9972  0.9976  0.9951 0.9929
7o L HL R HI7 -0.3348 -0.3289 -0.3518 0.9707
7 LR HI8  0.9908 0.9908 0.9912 0.9734
TR HI9 -0.2286 -0.2668 -0.2123 0.9567
7o L SR L HI10 -0.3144 -0.3237 -0.5934 0.9634
78 L 5 LR HIM11  0.9908 0.9907 0.9913 0.9734
AN HIM2  -0.3560 -0.3241 -0.3674 0.9349
dQ/idv HI13  0.9975 0.9990 0.9959 0.9949
dvidQ HI14 -0.5057 -0.7387 -0.3497 0.6355
dTidv HI15 09833 0.9871 0.9730 0.9929
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Horh m FORB S RHER NG n FoR i N it
HIT RN B )RR B R b, M b,
BUE . RSB By 22K n 4E4m A FEA x, 85 9w i
SR B KOS R m K F) By AR BB T 7
S n e X0

N T2 AR A HI R AL R R AR A5 1)
REJ), XEEEHIBET T EESEm . ERS
Prai RAER 248 H, RNy VRIS R EEN,
M p BT T RFERR . NEPATED,
Y AN H i @i & HI ) Spearman #H 5% & ¥4 kK T
0.99, HpfHtZE/NT0.01, KHFEHI 5EEZ
[ AR EME TS RAEE 4 hga .
73 HT B 4 W] LS AU A Rt R E HI G 25 5 a6 2
BRI EHIEAR—-F. SaEE S e
5%, WS S50, Rl HIE AT DURGF R AE
HHRIRAS .

F2 M HEBRERHISE 2/ Spearman #8x 24
Table 2 Spearman correlation analysis of fused HI
and capacity of four batteries

Spearman
o B0005 B0006 B0007 B0018
LB i1
HI 0.9982 0.9987 0.9984 0.9904
pfA 1.81E-205 6.39E-218 8.07E-209 1.05E-113

2 FHiEW
21 GPR

GPR B —Fh Ak S ¥k A, AT i 3o 2 0 &l
TRSZ I DU HE 22 R RRIR ST, A% 1 )5 58 40 A
o T AR A T 2, R iE i 95% (B H A E ) i &

& XAk R R T A e v s B e/ an
B
fu%ﬁﬁmQLMM&ﬂ (10)
ﬁ*ﬂﬂ%ﬁﬁ@ﬁ\dg&ﬁmﬁ%@
o BARWTR PR
m(x) = E[f(x)] (1)

k(x» x)= E{[f(x)~ m(x)IIF(x) - m(x)]} (12)

77 22 R R T4 3R AN R N 2 TR] R AR AL
R 2 0 o TR Y e KR T R . 1R
P SR R B s A 1 Je 90 4 A, R DT 2
HRVB AT 2P0 f 56 3 A

p(y'|x y. x')=N[yly". o*(y")] (13)

Hrx, yAINGHEARRRAMNGH, x5 y
MR AR A B A NI TR A,y N TR A
a?(y ) AT TT 2

T 95% ) B A5 X 8] (CI) T Tl 45 AN &
JE I PEA -

95%Cl = y' + 1.96 x 6%(y") (14)
2.2 T SVD-SAE-GPRHAEIETIE

A% SVD. SAEMIGPRALE &, Rl T —
Tl BT 1) SVD-SAE-GPR £ B 1~ H it RUL T 77 7%
BARRARWE S s, 7l 7 A AN B .

SCUE1: SVDRFESEEL . B Je 5 H it () 0] = 2
#EdE1T SVD, #% HI#A R EE N 12 M His;
HURYE B, WE, mEMREEESEH, HH
dQ/dV, dVIdQFIdT/dVERE, F-fd FH SVD M 42
BHIM3, HIM4F1HI15,

IR 2. FEIEIE BRI R AE @A . ot
Spearman #H5¢ 7t WP BR 1 H i 15 78 75 HIs H1 ik
FEAH R MEAN SR I HIs BEATREERL & . dl I SAE 4b 7
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Fig. 4 Fusion HI qualitative analysis: (a)B0005; (b)B0006; (c)B0007; (d)B0018
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dv dv dv His l
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dQ  ixdt 17 dt

av RAERR

iid SAE
Qb EEEFEIHIS

dr _d7,4dv
dv ~ dt dt
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BIRA: THERUL JB%3: GPR
FHAE T 7% &
A\ 4
7 T
ROk (GPR) Kb
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NRUL=NEOL7NECL N pER s — bl
(GPR) Kot

£T SVD-SAE-GPR 25 FHith RUL LR IZ E
Fig. 5 Flow chart of RUL prediction of Li-ion battery
based on SVD-SAE-GPR

RN HIs fl & — AN HI

AU 3: GPR WUl & & . LU Al & R AE
{Hl(i)}fﬂﬁ’ﬁﬁﬂ‘%iﬂﬁ"liﬁﬁ)\, U\EE?TE%TE{CU)};
VEJuktt, HEEET GPRIA BT, ¢l
ok AW, WG ELN{xy), HFx=
[HI(1 = k)] y=[C(1 = k)] BMALA SO B
AR EGE K + 1. TMRERR A {x", y'}, HF
x'=[Hi(k+1 :¢)], y=[C(k+1:¢c)] ¥
MEB o LA NN, SR ENEY .

B4 IFH RUL FUME . Fo AR5 (Ney ) N
H VB S22 I AR 81 R L I P e e PR A O B
(Neou )5 HLI 24 T 78 B AE IR R EL (N, ) 2 2 - 7
AR (15).

Neu. = Neow = Neeo

2.3 T EEITNHERR

TV AR ST 2 TN RE 23R FH 35
JiHiRZ(root mean square error, RMSE). #€ %
(R, #ixtiRz(absolute error, AE)=FiTHiErx.

(15)
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53 7 4 60 1 80,  FHL b Y g s [ i B e 2% & 1
70%~80%. A T {EH, Hiith B0O005. B0006 F
BO018 1) 75 & i i %] {5 4 1.38 Ah.  Hi-T B0007 H
AR B MR BIAE, DRI AR 45 e BRI 26

Bl 6 73l 4 T DY A F It AE SRS 46 A 60 Al
80 Ab iy Tl &5 S Je HoAH e Rk . AR T
CLE . T h 2k 5 505 1) 25 SR An it & BN B2
T, PSS SR S AR 4h s SN, HLPY AN
Tt AE TR S 48 o 80 B 1) F 0 iy 2 B A T kS 46 5
60 I B il LA A BB 42

A, 3L H T VYA FLth (R A [ 0000 S 46 R
P RE P 25 R, MR AT LA, TR as
5.9 80 [ N 5% 22 1) LU SR ES 4 r oA 60 B T 5%
Z/N, H YA # b i) RMSE /N1 0.0301, i BH
JIT 4R ASE R ) T % e A s DA FLTL R R 2R T
0.93, 1t B Tl th £& 15 S B ith 2% 1) 400 5 2 8 v
b6 & T 2 46 5 J5 #%, BO005. B00O06 #1B0018
=N LB Y AE AE IE W R /S o A TR 4R AR
60 i, =/ AEES/NT 6, REMER /D
1M HBE A& T 46 /1) IR, 845 55 80 I,
AE EIZ Mg/, AT 2,
3.2 SVDXA[EIE IR ERIE N T

N T B AIE SVD R AE S BT 2500 AN [F) 4 B8 1 |
AR AR RGN, AN RSB AR e TR
PR T % [x® (Massachusetts Institute of Technology,
MIT)$& L) b 2 42, H o it S 0R S B0 I 855
5 NASA AL it B R A F . B e TEgERR 1
TR it 4 45 . 85, V998 SVD 42
U HIs. fJ5, FIH GPRIEATA M.
3.2.1 MIT ¥dz 4k

T3 L 2 1 A123 Systems 24 @] (APR18650
M1A) il & 1) 5% R 2 125 1 (LF P/ 88 B ™™, i
7E30 °C [P 5R bRt ==, E 78 FL B B LAAN [
R PER IR T AT 72 Fh e X, st
L9 — KM 4 CHE3. HIFRFRAERE 1.1 Ah, FrFR
HLE 3.3V, HEHL “2017-06-307 25 —#t & ds 1y

i 41 % 4% Channel 2 (CH2) #1 Channel 5 (CH5)3
17555 . CH2 F1 CH5 (1) Ji 45 75 S 1B Ak Btk an 6] 7
7R o
3.2.2 FHEFEEGEFE LSRG

XfF- CH2 M1 CH5, {4 FAHIR i SVD 7353 Al
EHAE. dQ/AV. dVAQ AN dT/dV HHELE H i EF
FEENHIs. dQMAVIERIEEF DAL E, dVIdQ
MATIAV T E it EA GefF 2. fEHE ATV,
T 5] — S P S A 0 B [ R B PR A [ P (i 2
SEATIAVEIME TR, R 521 H R 25 A
EL I ) ) %o 87 P il P AR 25 Bk o B ERCH SR
7% (E His # 47 Spearman #H < 730 1, 20 #r 45 5
AP, WLEHETHB8Z 4, HATAEE
Hls 525 & 2 (B IAAH X R EH KT 0.9, JBT
R AH G BRI, MR 3R A OC RBUE SRR HIB Z 4M1)
7 His i | SAE Fil & e — AN HI. 9 7 43 M & HI
FAE MR IRS IR /T, 5 7 B 1) Spearman
X RBAMpE, BAEGEREXRSHLEH. NES
R DUE H, Rl HI 5 252 (8] Spearman A ¢
REIHKRT 099, plltkiriT 0, RUFLEHI 5%
HREMK,
3.2.3 FEN

TH S 7 3% GPR AT & 8.  DARA HIME N
W EE, AR EE v EdE, wEsT GPR
F 25 B TN AR R . MR 4 CH2 AT CH5 11 gl A/,
73 G FEHT 500 F1 100 AN J& HA M HcdE AT I 2. Tl
M2E FanE 8 firaw,  mT LA B TR0 i 28 56 0% A8 X i
W B s m iR L i 2k . T RE VA 45 B o
K6 HTR. MEHTTLLEH, CH2#CHS51 RMSE
%/hF0.008, R?*¥JKT0.94, UiWA TAERIAH
BT HTINERE, 00 26 5 bRt 26 & B

2z BT, @it E NASA T MIT $2 44 i e s %
PEAESLES, W LIS 1 SVD W LA FHEEHIs, I H.
TEREG NN B SEIE LT, XA B $ s 4
HA RERFENE. A, marHE A BT
HE DR RV G (1) T 2K e R A 2
3.3 A EHIA 3T EEIREE 53 4

N T R g 4y B R SVD U7 vk M A
dQ/dV. dV/dQ 1 dT/dV H #E B 7E His, &l
5 AH 5C (1) His {f F SAE 47 FRME AL & JF 45 & GPR
TR (i 4 8 M)A S RO, vt T L
BRI M2 FIM3. A M2 @it PCA fili 5 15 1Y



1264 ik B B ¥ 5 % K 2023 F5 12 %
1.9 1.9
1 95% E {5 X i
187 1.8 — JRUURHE
— Bl
1.7 1.7 - KRB
< 16} < 1.6
< <
SAKCE G5
1.4 1.4
1.3¢ 1.3 Wgﬁy
12 1.2
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
TP 3] TP 3]
(a) B0O0O5 (b) B0O0O5
2.1 . 2.1
o) I 95% B E X1 5 C195% B {5 X |
— A% — AR
1.9+ — T 1.9 — T
18+ T %ﬂlﬁjﬁ 18 T %?ﬁlﬁﬁ
éu- é”
St1e; St
15¢ 1.5
14 1.4 A
1.3} 1.3
12} 1.2
1.1 - 11— —
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
TP 3] TP 3]
(c) BO006 (d) BO006
1.9 1.9
1 95%EfEIX ] C95% EfFIX M
18l — A 15 — FIHCH
’ — TRIEAE ’ — TR
1.7+ 1.7
< <
<1s <i1e
15¢ 1.5¢
14+ 1.4}
1.3 13—
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
TP 3] TP 3]
(e) B0O0O7 (f) BOOO7
19 1.9
1 95%EAFIX1H] I 95%EfEIX ]
18! — SR 1.8} — A%
: — W s
. gy 17 e R
< £
s'® S 45
137 141 ! N
141 13" W\W
1.3 1.2 . . . . . .
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
TP 3] TP 3]
(g) B0O18 (h) B0O18

El6 M EMAETRTNERFNEREAHEMRIE

Fig. 6 Prediction results and uncertainty expression of four batteries at different prediction starting points
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F*3 MAEMERNETUNEIR KBTI AE
Table 3 Prediction performance of four batteries at
different prediction starting points

VR Fi b Tf‘a B0005 B0006 B0007 B0018
A R
RMSE 60 0.0103 0.0301 0.0198 0.0128
80 0.0062 0.0267 0.0070 0.0066
R? 60 0.9918 0.9369 0.9501 0.9519
80 0.9946 0.9400 0.9893 0.9572
AE 60 2 4 — 6
80 0 2 — 1
1.02f
1
0.98f
<
g 0.96 ¢

0.94 ¢
0.92+

0.9}
0.88

SRS I S I S
S S S RS R
P

7 CH2HCH5HIE=EIRLihZ
Fig. 7 Capacity degradation curves of CH2 and CH5

%4 CH2F1CH5ZF=25/E7 His i) Spearman 0% 5347
Table 4 Spearman correlation analysis between
capacity and potential Hls of CH2 and CH5

Spearman fi% &%
FHIESR U 3 Hls
CH2 CH5

I 1] HI1 0.9353 0.9868
TR E HI2 0.9984 0.9986
FHIT HI3 0.9983 0.9978
ML Hi4 0.9405 0.9835
i HI5 0.9980 0.9880
dQ/dVv HI6 0.9984 0.9998
dvidQ HI7 -0.9973 -0.9922
d7/dv HI8 -0.2448 0.1870

#5 CH2F1CH5XF 2584 HIR Spearman 8 734
Table 5 Spearman correlation analysis of capacity
and fused HI of CH2 and CH5

Spearman #]5%< &%1 CH2 CH5
Hi 0.9983 0.9996
pfH <<0.001 <<0.001
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Fig. 8 Capacity prediction results and uncertainty
expression of CH2 and CH5

6 CH27%1 CH5 HIFUMI14 AE
Table 6 Predicted performance of CH2 and CH5

AR EL A CH2 CH5
RMSE 0.0072 0.0031
R? 0.9505 0.9471

RT MHEEEPEROFUNRE (M1, M271M3)
Table 7 Prediction models used in comparison
experiments (M1, M2 and M3)

(i ! ESIEE R

M1 F SVD Jr VAR B EEBAE . dQ/dV. dVIdQ AT T/dV K4 5
AR NHEAE HIs, BRSSP AR 32 4 His 4l ] SAE @l & v — A
HI, 454 GPRABELHEAT Fi

M2 SRR M1 e R R B AE Hils, 38 HURE 56 4 4 4 11 Hils £ )
PCAR & A—HI, 454 GPRAF AT Fil il

M3 KR B L M 3.8 V A E 3.5 V)45 R BRI R Dy HI
SE4 GPRAEI k4T T
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Table 8 Predicted performance of different models
(M1, M2 and M3)

PN FEAR A B0005 B0006 B0007 B0018
RMSE M1 0.0062 0.0267 0.0070 0.0066
M2 0.0176 0.0325 0.0113 0.0195
M3 0.0270 0.0395 0.0138 0.0075
R? M1 0.9946 0.9400 0.9893 0.9572
M2 0.9567 0.8959 0.9719 0.9314
M3 0.8984 0.8469 0.9583 0.9457

AE M1 0 2 — 1

M2 2 3 — 3

M3 10 4 — 2
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