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Remaining Useful Life Prediction Algorithm for Lithium-ion
Batteries Based on LSTM of Capacity Sequence Decomposition
and Reconstruction
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Abstract: The accurate prediction of the futural capacity of lithium batteries is crucial for their health management
systems. Aimed at the impact of capacity regeneration on the capacity sequences of lithium-ion batteries, a long
short-term memory (LSTM) neural network-based remaining useful life prediction model is proposed, which is based
on capacity sequence decomposition and reconstruction. First, the CEEMDAN technology is used to decompose the

original sequence into various intrinsic mode components, so as to eliminate the phenomenon of capacity rebound.
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Second, the Hurst technique is utilized to reassemble each
component into multiple systematically strong sub-sequences,
which can reduce the time consumption during the testing
phase. Third, the whale optimization algorithm is applied to
multiple sub-sequences to optimize the parameters of LSTM,
and the outcomes from various sets of predictions are further
aggregated to derive the ultimate prediction results. Finally,
the effectiveness of the proposed model is verified on two sets
of lithium-ion battery failure datasets with different degrada-
tion characteristics. Experimental results show that the propo-
sed method can maintain both the mean absolute error and
root mean square error in certain ranges.
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B TVE R 1 R A BE R A R T &R
C M AT . BAAE . AR
R G M2 HAA N, o TR R G 4xis
17, 38 H T EAE HL R A {H EOL(end of life)Z
Ryt , — ML EOL 9 80%Hi b i & &
U (L e S Y A A A A T 1 AN A AL
AP R TR, Rt A 7RI B 3 AR P Ak T
IEARAS S, H N LA Y RN A i —
FEEERY I T, — MR R 25 ok 7 B3 i B,
0 R 2 2 B i o) 8 P it (IR A SOH(state of
health)fili 71 A HERAPE ST, 2B+ L 3R AR 5
(TR0 Ty ik R4y 2 2K ST PRI AL T
Kot IR s i 7 3L 0,y R R ARy 3k R ST
HERR BRI TR — e E R, H
T H A I P A P BRI 2E e R, A e kA
U 2ol AR VR T 2 14 L AR
XL A — RE AR LT DT H b ) 3 Ay 2%
i, R DV LSS H L R B e, AR SEBR I
FH A AR R R B SR R o 500 B 30 14 Jr vk 7 fige o
A 2 A2 Ak 22 Bl HL IR 25 52 0 1) [R) R T
RARMIP S SCER[ 1018811 T 1 FhBEF BP #& W
LRI A F A TN 7 vk, H TR R A
LA PR, 12000 2 9 2 7 st T 5000 T ' T g
B SCER[ITR B T 1 MR TR aEmiciz
LSTM(long short-term memory ) £ 4] T il 5 7Y
A AR A R 2 1 BN T A A R R AR
B, F R A Rl R P A A
Wi 2 P 45 RS TR PR B s SCRR[ 124 T 1 Al &
T % 7 2 30 A 3 A AR AN [+ 1) 3k R 5
25, PR B TN M RE , (RIZ T IR T X A
() 53 R AT 3 B0 T00I , Bl o 2 SR AT & m,
BT RRAEL 2 5 CHR[ 1318 FH LSTM W 45 - 17
U R F b Y 2 ARG O, A — i R LA R
TRREETH SR A ), TG AR e i Ak R % i A
PG SCHR[T4148H T 1 Fh 38 N e o8 5 A

LA St CEEMDAN(complete ensemble
empirical mode decomposition with adaptive noise)

5 LSTM (44 Bl AL, CEEMDAN A DL 24
HERA R LG, (HIZ 7 2 1A T o 72
AR LA EALK ], R LSTM 2801
B A PRI, T 52 M iy 82 1) 00 P o
25 TR, LSTM M BA RAF TG,

BFFENNBE S (5500 5 BT — e R
T AR UG, PR AR A T A v A
P, (A HAEA T FRRCA O HAER A £1%F |
R, ARG T 1 T84 AiE N A G4
BRI RS MO LSTM TR & 50 7
# CHWLSTM(CEEMDAN-Hurst-WOA-LSTM),,

1 AXE*

AR ST B B R b ) S A i 00 AR A
CHWLSTM H SRS aNIE 1 Fios, w]LAST R LA
4B

Bric 1. TR A IR B A A
G, SEMISE fF 20 LSTM P28 PERE, B
CEEMDAN K iBAb 7 5 5 o i o kSRSt
A RBOHR S AR BRI

BB 2: Jmid e BN e kA ol T
ToIN , 23 (RS P AR A0, PR ] Hurst

BB A 5 B & A 1P 9 A S 258
E25= 95 7| Gl BB wil[ 2 Sp R T e S

WrEC 3: XS TEMIZ DRI, 35k
At L WOA (whale optimization algorithm)-
LSTM X 2425t e 9 kAT 300, LG R A #
S H0E A LSTM M 28 X R ok 25 5 )7 91 i A7
T

WrBe 4. BB 3 Fras R 45 R 4 ER S s 2
LA R TN AE R



232 i, T & Eid o5 24 4
i
e BB AL
CEEMDANAH iR 5 21t 551 BAL L1t
| m@?ﬁ
LA £ 3 7 A
)
W Hurst SR N B A
| eV U3 B B
[maussn | [ wau¥sn |- [ massn | k
TR L
T X AT G
[ wa e hGe R | FLEFFRA
L i) d
[WOA-LSTM, | [ WOA-LSTM, |---| WOA-LSTMY|<7
By e B RS
B

B 1 CHWLSTM #EEFizE
Fig. 1 Flow chart of prediction based on CHWL STM model

2 ETHEBMFSEFINSHESENN
(EEitEE Kya

21 TEHENREESRWESTHE

Z BRI f# EMD(empirical mode decompo-
sition) ] LAEAR VAR (F 540 s T AMERZS bR
%0 IMF(intrinsic mode function)fl 1 ~%2F51 .
IMF eSS 7R AN [ () RO A R B R AIE , T
B2 T Y RE R AE = s it (BR, JRA R
EMD J5 ik 2of Al — REERE S 00 h 21 IMF,
FEBARS . KNI, CEEMDAN J5ik2& Torres
PR 1 Rty 2 O B B RIS Ak
B EAEROER, LRI

()R T 1 e P PP A TS TN S R 25 e 7 91, )
PO AR, RS0 HEET EMD 43, It
B — BT IMF 2l

> IME (1)
IMEG)=5L7T—— (1)

e n RTINS TR B IME (6) 3R
YRS IR J5 6] B 6 755 #E1 T EMD 43 A5 21 0 5
1 B AEAR S PR

() FH I 2 25 5O ok 2 55— B AR IR S
sy, RS sk

X (t) = P(t) - IMF, (t) 2
e x () AE—Hska; PO AEGAETH.

Q)R skt x (t) 71 A ST MR 751 4R
PR R RIT 5 X (1) o SRJE, WX —JFFI AT
EMD M iftdE, 3215 FiY IMF 205k

Zn:IMin (t)
IME, (t) = =——— 3)
n
HELEAXQMAEG), ERFEERHRE,
[ngibkes S 2 RIE vy
P(t) = X, IMF; (1) + X, (1) 4)
j=1

2.2 HEHT4FIEE
il 37 CEEMDAN i FEL I 25 5 el P41 LASRAS:



34

AN, A SETAERFIIMR-S BN LSTM HEH bR A% A5 i Tt 5k 233

LAy o AN A2 I 45 B ST R BT A A 25
HFH, TR, BHEFER SRR,
el A 35 D A, SR PR b R B oS A
BAF SR 1R, AU FRZ T A T4
ANFERIFAIY Hurst $5%50, B R2an FUO,
(WDKK BER M 19505751 IME 7B A A %L
W, AR N=M-1 TR0 7591, Bkl
N, =log(IMF,  , -IME })  j=1,2,---,M -1
)
QB EE R N X822 5078 o3 i A4
BANTHEIKE N n=NA, HHES T4 e (FH
&, a=1,2,---,A,
QVFEBAT4E e, PBEMNHRT Kk A AT
EFENEE e 1 BRUR 2, EARN

k
Xk,aZZ(Nj,a_ea) k:L 2,"'>n (6)
j=1

@A AT e, WXTEEE 791 1% 33 Bl
R, HETEKAE/NERIREZ 22, BN

R, =max(X,,)-min(X,,)  k=12,---,n (7)

G)IHERAN T4 e, NI EUTFNbREE S, .

O TEEFNTFHE e, HAREZE S, A AR
W H B S Bl R, I HL3RAS 55 A5 B 9 3
R, /S, . X THERKE n, 776 ANT4, Hik
FEAE AR VS B AT U K
FEA n BRHE]BS BE B )RR RS 8 () S 4
BEEH, BN(R/S), M

1 A
(R/S)nj;% (®)

a

(D3I n PUEIFEE T 6 I APIR, IARASANH]
K I [ 35 B %) SR 4 e R (R S), o

(8)HR I Hurst F5%nY e ] LITE 2]

(R/S),=Cxn" ©)
. H b Hurst $8%0; C %L,

»(i+D)

3 EFWOARILSTM Fuill#& 8y 3 ~7

3.1 WOA
WOA JELAEL F SR 5 e Sk S A SRt ) AL
ik, AR ILH R REE ), TRASEEEY .

M M BCE FBENLIE R 3 T, Bkl

D = |CX"(t) - X(t) (10)
X(t+1)= X"(t)— AD (11)
X(t+1)=D'e” cos(2ml) + X*(t) (12)
D'=|X" = X(t) (13)
D =|CX s (1) = X(1)| (14)
X(t+1)=X_,(t)—AD (15)

K. D YATMAZPY BRI RS, D' A
VISR R IS, X () AW E
X(t) Mbgtafi s, t kR AL CHIARE
it b X EURERIARSEL | R 0~1 ZIE] R
UG X0 () S BRI

£ WOA FA e, A kEdLEL ge
[0,1] 58 T HEAEM . WRARMHILE q>0.5,
WRZSA R ST M, e 2 T8 xf nl it A it
TIVEAG RN . #F xR TR 1, WX T
R, SN S TR R E. BEE S OLR
AW, RS R
3.2 LSTM MR

LSTM #1245 J& T — JRRik i 2 U1 1t 22 )
%, Himal sl A . MG 3 ST T4 RNN
A5 BRI O ) R T eIk, LSTM
HHEST RNN AR ALG B TR~
[ sf fiff e RNN AEAERRB LR FA I8, i LSTM 7F
IR e IR — e PN, TR
L, b 3 % 2 T T R oo TOUDNRG 2, b i o
PR b TRUI A F b ) A 75 . LSTM. 28 I 45 45
WK 2 i, FEARRRAIT, BUET Ri
FURERIE B M eIRASGEIZERTT0) .

LSTM 1 28 45 (% 11 HE ML -5 20 Bt 2
il ot S T el v Srw b =S N v € 2
gt s, HARh

f =o(W, -[h,a]+b,) (16)
i, =c(W -[h_,]+b) (17)
C, =tanh(W, -[h_, e, ] +h.) (18)
C = fC., +iC 19)
o =o(W, [h_,&]+b,) (20)
h =0, © tanh(C,) 21)



234 =2 bt = i o504 3
C =foC,+ioC (22) . BESEHFATEIRTRANEE, W43 g AR A

s W, D9t Al TR R Ry, E—mE 2
HPIRAS; o RTINS ZIBOEACIRZS, by A £, 20510
TS TR E AR 5 W, AT 2 oAe AT T AOAS
FEREFI EAE W F b 20 D AR A A A
FEd; C WIEEAIMRE: W, . b, Flo 43
T TROBCEEARRE | W E AR, C oA AT Z
AZANIRAS; b ot IR f OB TR
Bt i R TR s C L O BN AR

hl

N

AT

B2 LSTM BETgy
Fig. 2 Structure of LSTM unit

3.3 WOA-LSTM M4&t&5y
WOA-LSTM P ZEARAY G Fi iR A2 an il 3 fr

Bi3

BRI TUAL B % Rl 73
YIZRARFIRLE

¥
| mbistrm |

y
R
7

VOB AR (A
e e A

¥
By B
i EIFIEAR

W IBF IR SR g

3
e B8, RN
LSTMA7 il
i
B3 WOA-LSTM #EEFiFFE
Fig. 3 Flow chart of prediction based on
WOA-LSTM model

HORBCEMIRGE, wIinfk28, #iE LSTM 7
PSR T BT B2 9 1 5 BRI 27 ) 341
TRXS G e HEAT AWk AR, 4
X R 22 1 I 2% 11 25 A s B B R AR, 1R

ARG
4 LWERSDW

41 IWHIESSHIEE
h T YR AE T AR SO, ARSI T
NASA $dE£E ) BOS F1 BO6 41 H it A5 HL >
KA CS35 Fl CS36 S 1) 2 Ak S g0 Bl i2F
FIRAIERT LS . NASA HESEY BOS F1 B06 S HL
HRFRFRZ N 2 A-h () 18650 #EES Frijth, HHL
2 REFBARAE CS35 FI CS36 -S43 Hi (14 B AR b
RLFBAMR A L7351 & LiCoO, cathode FI graphite
anode, K/INH 5.4 mmx33.6 mmx50.6 mm, it N
21.1 g & 4(a)FlI(b)E/R T3xX 2 ZH 4 i ith ) FL T 75
TP IR U S Bl . AT OB E]
B Sl A 2 i B A TR S DB B 2 R
ViR RS [RIEE SO A 25 BT H A o
TS
AR NASA Ffla g iy BOS 1 B06 4
H YL 5 B 2 R4 A CS35 il CS36 SR LIt
BRI T LI UE /0T, NASA $dl 1 TR EL
B, IR 5:5 BRI SRR e ; Tl
B2 R EARIE IR 2, SR R 3.7 Fi 515
y

1.9
1.8

—B05
— B06

=17
<is
i
15
14
13
12
1 1 1 1 1 1
"0 40 80 120 160
PEIRIREL

(a) NASASH HL it 28 B2 sl



A, A

BTSSR 5 BRI LSTM S H ) A A TO 330k 235

O. ] 1 1 1 1
0 200 400 600 800 1 000

TEIRIREL
(b) B B 22 R 2240 B 2 R
B4 NASA IDE=ZXRFEBEBETERAE
Fig. 4 Capacity attenuation of lithium-ion batteries at
NASA and University of Maryland

77 KRN SRR AR, SR ATE AR AT
Sp R TN, I CORERT n SRR R
5 el ZOREEREAE RS, F B R AR A
WA R A, ZRECT F — NIk ] i A 3
MEUE . s, RAWShE 1807kl F—kE

SRR R AR 4k B2 1) 5 T . AR SO R A
NASA B i Zdi b n B3, 78 5 BL 2% e dfs b
nHz 10,

ffi ] MATLAB 2022a, A3CRH WOA-LSTM
PR Z — T E 2 %) Capl | Cap2. Cap3 Fll Cap4
T, #AVE RS0 Windows 10, 16 GB N1F ., 3
FIREEAF 17-10875 A FEZSFI GeForce RTX 2060 I
K. WOA-LSTM AR AFEmAIZ . 1 41
LSTM JZH 2 o i I Iy iR 25 VR 4 2k R AR,
K B &R T (Adam) J7 2% LSTM 2% 13
TR SHGHATRREE AR, BRI 50 2 200
W ERTRLEfb At A v, 3 o f £ ARV of R 4
LSTM A (Y BRGZ 15 8 L, Fep % L ax 2 4>
HSEL, WG RAEE 4100, 200141[0.001, 0.01],
BB AR R 30, BRI RECh
30, AMAELERE A 2, WOA FEASIF]HL 45~ 41
TS EIE 1.

x1 BHEL WOA RUEH LSTM MESE
Tab. 1 LSTM network parameters optimized by WOA for each component

LSTM 2%

TS P B05 B06 CS35(3:7) CS35(5:5) CS36(3:7) CS36(5:5)

Capl L, 108 111 125 112 125 114

L 0.001 8 0.001 7 0.002 3 0.001 7 0.002 2 0.002 2
Cap2 L, — — — — 148 149

L — — — — 0.003 2 0.003 8
Cap3 L, — 180 151 160 147 155

L, — 0.003 8 0.003 9 0.003 8 0.003 6 0.003 9
Cap4 L, 125 152 129 128 132 121

L 0.003 3 0.003 6 0.002 6 0.002 2 0.002 8 0.002 4

4.2 TNERR

A SR 1R 2 48 B AL A F 2 48 X 1R 22 MAE
(mean absolute error) , ¥J 7R 1% 2% RMSE(root mean
square error) FIFI R Ao xT %2 RUL ., 1ERHS
FEPEMRART, HoE O

MAE =LY Y, -, 23)
n t=1
RMSE = [23(Y, -V (24)
n t=1
RULerror = |RULprediction - RULtrue (25)

A Y RSEPRE; Y, AT n A BREA R
RUL,giion HRIRFFARTNE s RUL,,, NI Tt
HIHH.
4.3 BERISHBEEN

ASCHE ) CHWLSTM 7E CS36 54 it 4k
s FHUS TRAFIRCR . BRItk , iz 8 s Sk
Hurst 7k

— A DE, 24 Hurst $88UNT 0.5 B, Fonit
] ELA 77 A7 s 2 Hurst $880%EIE T 0.5
Bf, FoRBFERBEVLE, A KIS ICRE; 4



236 i, T

Hurst F880K T 0.5 B, FRRBRFHEA ZIER
KIATCA M o HR O g 2 A Pl AR b 2 B AR &
CEEMDAN J5 7547 f# 915 Res J¥ 91111 Hurst $8 40
KT 0.9, FoRHEAMRBAICICEE, #deih 3
P HEH Ik, ik 1 Hurst 4850 H €[0.9,1.0]
I HEH N Capl, H e[0,0.4) FHEH N
Cap2, He[0.4,0.6) BJFFNHLA KR Cap3, He
[0.6,0.9) BYJT-FI LNy Cap4, Jii% 2: Hurst F%L
H €[0.9,1.0] JF5IE 4R Capl, H €[0,0.3) FF
HIEE K Cap2, H €[0.3,0.7) BYFHEL N Cap3,
H €[0.7,0.9) B/F 4 &K Capd, J7i% 3: Hurst
540 H e[0.9,1.0] W /¥ 9 B4l Capl, He
[0,0.6) (JFHELH Ny Cap2, H €[0.6,0.9) FF41)
TN Cap3, XFHEMATEARKFRE FAAT AR
REAE N AE%, M H AR T CEEMDAN Jirif
AR B N TR A 3 Akt L,
il CS36 SR AT IR, KA RN
37, EZGHENNES R ZEE 5 s, B
VPR ITIE 2 TIPS EYL. CS36 S A A
CEEMDAN 43 (25 R Kl 6 firs .2 2 4 Freg
e B Hurst 850 TH 459, LI CS36
SHON R, @ 2 THE AN E ) Hurst §8
B, IR 2 EAE W 4 AR AR
Kl 7 Fime BRI T ASFESE T 25 5t A2 LA
H, CS36 FHIMZ T3] T — RN 50,
PLR 1 A REFRR IR A R iR 25 o he

0.5
[ IMAE
[ IRMSE
0.4
0.3590 0.3570
0.3192
0.3F
4
2
0.2F
0.1458 0.144 4
0.101 9
0.1F
Jiik Jik2 k3

E5 3MEAFFRENLE
Fig. 5 Comparison of errorsamong three
reconstruction methods

i it o524 %
e —
g T T
04k e
0.06
0.04F
E%%g :"”ﬁr«m‘wwwwww b
2006k
~0.08 l , l .
0.010
0.005 | . .
5 o008 WM‘W{WW«WWMWmW«W\w.w/m-uw,wwvmw,N’
—0.010}
-0.015 l , l .
0.04
0.03F
2 O0TE |
=0 ?Mw”NWWW\WWWMM\WW\‘MWWWmwmww
20,03 s . l .
0.02F
L 00T o ‘ "
£ A
003l . , . .
0.03
002f )
QOO]'{‘“‘P \ f o Y
=001 gw”\‘“’”““‘ﬂ“ﬂﬂ“\.'“f‘”“ﬁwV’VWJM‘“vffu&bﬁwf“‘U“ i | UWQNJ’Ww\
~0.03 l , l .
0.02F — N — 7
© 0.01 vl R NN A Ap‘\ R u\ “\ /‘ 1
E”«O? :\'\/’ ‘J“W' W\M\w\j/ W \V\/ W \\\/ \\j’ v \‘\J‘ ‘\ f/ \‘v\,/’ \ \V// W “v/
2 AN
0.03
ok \ R N\ N /\\
=00t / \
e
0.02F= - =
A
-0.06 N
e ——
#40.8 \‘\\\
ﬁ 82 ‘\\\‘\\
%% 200 200 600 800 1000

TEER B
E 6 CEEMDAN $f&F7%l
Fig. 6 CEEM DAN decomposition sequence

4.4 FZERITLE 547

R T i B UEAR SCHE R A Ak, e
LSTM. C-LSTM HI CHWLSTM #7525 %) [, i
FH T 15 2 FTRUI B B FE A A (R EA TR LG 434
BOS5 Fil BO6 5 i th IR b, (1 5:5 Xl53
YIGREEFIMIRAE , CS35 Fl CS36 5 Ha i G FF UL
B4, SRS 3:7 A 5:5 i SR 2 A
A, & 8 & 3 FEIATE BOS Al BO6 5 Hivth 1Y
FIRA IR ML, & 9 & 3 MRILAE CS35



34

AN, A SETAERFIIMR-S BN LSTM HEH bR A% A5 i Tt 5k

237

1 CS36 5 HL b AR A A PN A R 2

1.0

0.8

Capl

0.6

0.015

0.010F

0.005

p2

$-0.005
~0.010

-0.015

-0.020

0.03
0.02f

0.01F

Cap3
—

-0.01
-0.02f
-0.03f

-0.04

0.06
0.04
0.02

-0.02
-0.04}
-0.06
-0.08
-0.10

Cap4

0

1 1
300 450
TEIRRE

B 7 Hurst EMFF5I

!
150

!
600

Fig. 7 Hurst reconstruction sub-sequence

x2 BMHEM Hurst IEHITHEHER

Tab. 2 Calculation results of Hur st exponent for each component

&l 8 FIEl 9 AT LA H, A SCHE S8t i)
SR TR PR H A I (E, F AT S CHW-
LSTM #EARIAPEREW] WAL THAb A . X R,
ZOTET DU PR B L TR A E s &
LSTM S50 52 25 1n] L.,

MFE 3 IR SE IR A R ST, £H4T BOS S
h, PIHARA AR D HAE RUL T 28 sk shis
AN, 3 R R A ROR . ASCRIT Y
CHWLSTM $#k Bk RUL %24 1 M, H2
LA R R TIOAS FEANET EA — 2 iR, Bo6 5
H, b 7 R Ok 75 £ T0UIN A B2 R IRE AR - 34 14 B s R0
BOS S HLIAH R A L3, PRI A 7 iy s e DI R4
W, AT RUL, o &4 CS35 F1 CS36 5L
W, ASCRHRY CHWLSTM P T4 RCR
AN T RO ARG B (RIS AE B REMERE LA
L, HUEfE CS35 St I RUL Fi 2%
i 300 PUERPIZREEAUL &S T BB Hm 1 30%, Tk
F i R 2 CS35 5 L T 7 7R 4 74 i (1 B S I8 3 e
K, RIS, (FU2EXT T 50%IIZR4E A
CS36 ‘FHIMBANE A T —& e Hidm 7 HLH
th RUL TR 1 o A< SCi 1) CHWLSTM
TAE T B B (R BB A F LSTM Al C-LSTM Z [H],
RTINS B A 42T, H T4 A b 5 Y000 B B e sf
] A SR BRI AN RAR &, BRIz A B —

itk EIZ TR A R, TR CS35
CS36 FHhMEEE, ¥z ik SA kT I
. RA MAE. RMSE FIf4& ARz 3 f
PEM AR £ 7 ik i TP EREEA TP , FAAR LA
iR 4,

ER IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8 Res HAYfF 4L
BO5 0.3259 0.476 1 0.3109 0.409 0 0.603 2 — — — 0.905 8 2
B06 0.3326 0.367 8 03257 0.398 5 0.546 6 0.809 7 — — 0.916 5 3
CS35 03450 0.474 4 03138 0.373 8 0.5572 0.573 1 0.7277 08314 09138 3
CS36  0.360 2 0.497 8 0.269 9 0.3340 0.4812 0.582 0 0.7485 08159 09419 4




238 IR - 4 524 4
: — Actual
! — LSTM
| — C-LSTM
: — CHWLSTM
= l
< :
= |
& T A
14F | | —1sm™
| 04r — cLst™
13F | 03F — CHWLSTM
: 02 1 1 1 1
12 1 1 I I 0 200 400 600 800 1 000
0 40 80 120 160 I REL
TEFR UL (b) CS35HLt(5:5)
(2) BOSHiith
: — Actual
! — LSTM
| — C-LSTM
| — CHWLSTM
’ |
2 |
<1 i :
|
i{'ﬁ 1.5F ! 04r __ LsTM
14k ik ' 03F — C-LSTM
‘ : 02k — CHWLSTM
13 - : O ] 1 1 1 1
Ll | 0 200 400 600 800 1000
' | TEIR L
Mo 40 80 120 160 (¢) CS36HLit(3:7)
IR EL 12
(b) BOGH1L1 I |
E8 NASA BIEFMERRLL L T o
Fig. 8 Comparison of prediction resultsbased on NASA data _ 0'8 |
12 « 07F
11 i 0.6F
& o5k
10 — Actual
0.9 04r _ 1sT™
Zog 03F — c-LST™
< 02} — CHWLSTM
=0.7
mm 01 1 1 1 1
0.6 0 200 400 600 800 1000
05 TR EL
— LSTM (d) CS36HLi(5:5)
04— cs™ s
03F — CHWLSTM B9 SEZRZFHIEHMERITIEL
02 ! L ! L Fig. 9 Comparison of prediction results based on data from
0 200 400 600 800 1000 R
IR the University of Maryland
(a) CS35HIM(3:7) W 4 RRTRLE Y, R ST i orik
#3 HEEWAEREE
Tab. 3 Comparison of results of ablation experiment
FRLiHh BRIEELD MAE RMSE If{E]/s RUL, /A3
LSTM 0.022 5 0.1500 1.443 2 0
BO5 C-LSTM 0.021 6 0.146 9 8.658 9 1
CHWLSTM 0.0215 0.146 7 2.924 4 1
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F3(4)
Lt P IEAR MAE RMSE R H]/s RUL
LSTM 0.0211 0.1453 1.128 4 —
B06 C-LSTM 0.0209 0.144 7 7.8556 —
CHWLSTM 0.017 4 0.1318 3.344 4 —
LSTM 0.058 0 0.2409 3.6932 115
CS35(3:7) C-LSTM 0.047 4 0.217 6 342133 89
CHWLSTM 0.046 4 0.2155 11.222 4 37
LSTM 0.078 9 0.2809 2.9816 114
CS35(5:5) C-LSTM 0.0750 0.273 8 26.862 6 45
CHWLSTM 0.057 1 0.2390 10.287 6 7
LSTM 0.123 8 0.3518 3.269 5 73
CS36(3:7) C-LSTM 0.1153 0.3395 29.425 8 7
CHWLSTM 0.1019 0.3192 13.278 8 5
LSTM 0.130 7 0.361 6 32744 114
CS36(5:5) C-LSTM 0.1123 0.3351 29.886 6 9
CHWLSTM 0.0818 0.2816 13.297 6 4
x4 AXEEENEFEENERITL
Tab. 4 Comparison of results between the proposed method and existing methods
‘ CS35(3:7) CS36(3:7)
Sk MAE RMSE RUL o/ JE R MAE RMSE RUL .o/ fEFF
BP 0.106 6 0.326 4 68 0.228 9 0.546 7 198
RNN 0.0922 0.2153 57 0.164 9 0.427 6 77
GRU 0.070 0 0.264 7 49 0.123 8 0.3519 65
CHWLSTM 0.046 4 0.2155 37 0.1019 0.3192 5
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