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BT R AR RIS TN G A

w2

B FEML PR LA B R i A A i K S AR A, I N T HENR
DL A RE e 4S540 .. HIh A K40 ( Battery Management System, BMS ) & &
L S R A IB AT IR R BE AT AE . (B BEIRAS ( State of Health, SOH ) s& BMS HE %
K, SRR T R Y BT R A R AR . ERA 20T SOH HAT B T
b ) RS A R K b ) BB B S, R R A P e R R R R R R A
PEIFI

ARV SC LA BT R O BIE TN G, 3k 5 1 FE S S AR R K NASA v 24t
BEFN Ty BL 22 RS A i A T AE O ) CALCE it AR SR BN AT B T
TSI RS, P Y SOH U ik R IFE 9. R B TAEEFELL R =4
Ji T :

(1) EFx & ge 8 85 7 b @ BEIK 7 ( Health Indicator, HI ) 777E BL— il 5 25 B A
SRMERAR A ) R, 7R S 34 732 AN R) £y BE A% X 22 AL A O HITL, A TR AR RS 1
VIR ALFE T o A FE I ATE P12 AR 424 A i /S 4 HIL, 40 391 A 1 I8 7 FELIT )
23 S5 F = Sy =N 11 I = e T o A D N 2= 92 4 2 % ST AN 2 S N 9 )
1] IC #2728 s T AR, i id i vk € s FERFAE X 1] o SR A Person AHOGHE 7 i
A Spearman AH G J7 V23 [F] 734 &% HI 525 & 2 (8] ARG

(2) &bt B —Hdl IR A A A7 R A B 1 s SOH s THUNIRS J S A HLA 287l
SRR 1, $2HH IDCNN-Informer HE 22 SE B HER HACHAA 20 SOH £l .
13T Informer 1 AR 4 85 MM A AB R FH 75w [ 772 71 o HT (BRI G R
SNy 38 B /D U R B A T A6 7 (0 R & AN B R TR B, 51N — 4k B 4 I 4%
( One-Dimensional Convolutional Neural Network, IDCNN ) il 24 5 i 7] 25 () SOH.
NG AL i T ISR N RMSE B I RIS, i ) A 0 TAUU 8 SR B e 1) . — AR 17
8, SINEESHO WEERE SRS, W] DURYE SERRAT 5% 5 EE R B A — AR .
IDCNN 2 HiHf [R5 F1 Informer ASE8Y (1R — i[5 (0 TN &5 Rab &, oG Bdem BT
FRAEZE N —IFAZE ) SOH sSUTRMIKE B . PR ARSI 04T 1 A ey LhaS Uk, Uk BH Py
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PRHESE SOH ATH I fr) i ff 4 o

(3) ZF R A PG AT B 1 FLI SOH #E Al U T4 ™ 8, 41X G025 S 4 T
MTTEAGEA BB T SOH JE T iy ] &, 2 CEEMDAN-LSTM HEZE I 5%
A AERRPOE TR, SR SOH JEHATRIN . 383 58 4 Fd IR 7 4R
GRS R ( Complete Ensemble Empirical Mode Decomposition with Adaptive
Noise, CEEMDAN ) il Hi it JR 40 5 IR A #i 26, SR ] Person AH <1 5 ¥ M0
Spearman AH IS4 77 15 3L [F] 43 B % AEARRAS PR 2L (Intrinsic Mode Functions, IMF ) 5
A R AESGTE, B BRAS A DR 1 AT B o e T A L ) K A 12 Y %
( Bidirectional Long Short-Term Memory, Bi-LSTM ) Al 42 #ic 12/ %% ( Long Short-
Term Memory, LSTM ) 43 7l T 5% 22 43 SRR SC s 41 PP 1, i 46 TOU00 &5 SR AH
LR SOH A TN, SR o PrigtES2 I HEAT 1A Tixy ELIRAIE,  UE B BT S AE
28 SOH J& JA TR FrIAE A 1 .

KT HETHEM, BFRES, BERT, SOH #iill, LSTM, Informer
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RESEARCH ON STATE OF HEALTH PREDICTION

METHODS FOR LITHIUM-ION BATTERIES

ABSTRACT

Lithium-ion batteries are widely used in electric vehicles and energy
storage devices due to their high energy storage density and long cycle life.
Battery management system (BMS) plays an important role in the efficient,
safe, and reliable operation of batteries. State of health (SOH) is an important
parameter of BMS, an important criterion to measure the current usable
capacity of Li-ion batteries. Accurate and effective SOH prediction helps in
daily maintenance management and timely replacement of aging batteries,
which is of great significance in improving battery life and ensuring system
safety.

The thesis takes lithium-ion batteries as the research object and selects
the NASA battery dataset from the national aeronautics and space
administration (NASA) and the CALCE battery dataset from the center for
advanced life cycle engineering (CALCE) of the university of Maryland,
which are two publicly available experimental datasets on aging of lithium-
ion batteries, to study the SOH prediction method of the batteries. The main
work includes the following three aspects:

(1) Aiming at the problems of single health indicator (HI) and low
correlation with capacity of traditional lithium-ion batteries, this paper selects
multiple sets of strong correlation HIs from different perspectives by traversal
method to comprehensively characterize the degradation degree of lithium-
ion batteries. Six groups of HI are mined and constructed from the battery
cycling aging data, which are constant-current charging time, equal-rise-

voltage charging time, equal-rise-voltage charging time, voltage curve
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coverage area, equal-voltage-drop-discharging time, and IC curve coverage
area, and the optimal characteristic intervals are determined by the traversal
method. The correlation between each HI and capacity was analyzed using
the Person correlation analysis and the Spearman correlation method.

(2) Aiming at the problems of low SOH point prediction accuracy and
short effective prediction period of lithium-ion batteries in a single data-
driven model, the 1DCNN-Informer framework is proposed to realize
accurate and long-term effective SOH point prediction. Capturing the long-
term dependence of HI in long cycle lifetime series of lithium-ion batteries by
Informer modeling. To avoid the lack of prediction ability with few training
samples and to improve the prediction accuracy, a One-dimensional
convolutional neural network (IDCNN) is introduced to predict the SOH at
the current time step. To avoid the problem of traditional RMSE adaptive
weights based on the validation set, which favors a single model with a better
short-term prediction effect, hyperparameter A is introduced to adjust the
weight allocation, which can adjust the single model weights according to the
actual task needs. Fusing the prediction results of the current time step of
I1DCNN and the next time step of the Informer model can effectively improve
the SOH point prediction accuracy of the next time step of the proposed
framework. The proposed frameworks are comprehensively compared and
validated to prove the accuracy of the SOH point prediction accuracy of the
proposed frameworks.

(3) The capacity regeneration phenomenon interferes seriously with the
accurate SOH prediction of lithium-ion batteries, and in response to the
problem that the traditional capacity decoupling prediction method cannot be
effectively applied to the SOH cycle prediction, the CEEMDAN-LSTM
framework is proposed and focuses on the rapid decline process of
regenerated capacity to realize the accurate SOH cycle prediction. The

original capacity degradation curve of the battery is decoupled by complete
v
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ensemble empirical mode decomposition with adaptive noise (CEEMDAN),
and analyzed by Person correlation analysis and Spearman correlation method.
The correlation between each intrinsic mode function (IMF) and capacity was
analyzed by Person's correlation analysis and Spearman's correlation method,
and the irrelevant high-frequency subsequence was eliminated. Bidirectional
long short-term memory (Bi-LSTM) and long short-term memory (LSTM)
were constructed to predict the residual components and the related high-
frequency subsequences, and then the predicted results were summed up to
obtain the final SOH cycle prediction results. The final SOH cycle prediction
result is obtained by summing up the prediction results and integrating them.
The proposed frameworks are comprehensively compared and validated to
demonstrate the accuracy of SOH cycle prediction.

Hongwei He (Electronic Information)

Supervised by Prof. Li Guo

KEY WORDS: Lithium-ion battery; State of health; Health indicator; SOH
prediction; LSTM; Informer
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B 1E %P

1.1 fAIRERRENX

“HRKTE Wt G LR L e TG H R D0 ) BEJR e HUR BRI v 5] R
HEG S g, RIE SO TR IE AR AR 6, LU &5 AN 2 1]
FREL R, SEUUR PR B AR, S b a2 e, Bl eEREE. R
BOBRCE R BRI, ERGmKSE, EEEXBTR&. Faelibsiig.
fEREBE S WURFIMZS SN 22 A Gk 275 ZE P o RO P, 777
AR R P B B . RIS R AR RS R, HalR SR AR
TR . RELE CHraeliR R IR (2021-2035 4F)) Hifgt, F 2035 A8
REVR IR AR oA F IR, AU sl m sk, Hil, S8 7RibEd
BEIR B BhVR R A 7 LR K, 8 LI B R A B T b R = e 3 T e, e
ATTHR Ak B K 1) A 2 5 (] B 7 PR TRV, A 2 P ) i A 7 SR

SR, AR TE B E R A AR T, T R S RS R A, AT
BRI T 2 LA, BRI B A B SR LA N PR F A, HhE
WAL i BRI AT, a5l b TR 2 i RN, RAE
LT MR RO, 51 R R S5 e i e AR B Y, DR, O T ARAIE A
ERCE AP SEIEAT, WRE BRI RIS RS ( Battery Management
System, BMS ), [ Hth i 5000 A1 {gk 5 & #119) ( Prognostics and Health Management,
PHM ).

BMS FZCHERPIRES S EEHE W IR ( State of Charge, SOC ) Fl{g FEIRZS
( State of Health, SOH ) 5. SOH {EARAE A Ay 0 B B fe br )t 7 B 24k
FEPE . WEBAA AL SOH TRINBAA BT Fith 1) o 445 BERI 24, FL 1 S it 5
e, SHE R A e AR RS AR S CEN. [, BT KRR
IR A S L S SRR VORI UL

SOH I B AL M AR AR & ik ss, X+ SOH MK IA Z i+ B
PR o ) FH AT B X SOH. JEAT HERR I il Ay 1 N ST # . AR, 7EH
MR FE T, AR R R BN KRR R R, HIE T — RGN &

1
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AR T AN, IR RS, X T SOH #Ef B 5, A& HAE

A TIRE.

1.2 BERRESE X

HERS H A TSR AR PR R, I A R A AR AT A AR, HAk
RIUN MR B FSE NN ET & . S THEsREms, S8 rshhmibh)
BUEREN 100%, HHHEMA R T 80% (B SOH /M 80% ), BIA[ A AHthA
REIEH AR, S A B 0,

H T RAEHIE SOH (¥ H ZHE b 2 2 B A A BHIY. A #1A E SOH & LN

FE Y T A K T A B I ) BUE B2 H s, RIEAEE XM SOH &
YNSWAE
Q
SOH = —"W_100% (1-1)
Qrated

FLH P FELIE K it 2 A B B B, AR PN BELE LK) SOH T LA 20N :

R
SOH = EOL R”OW x100% (1-2)
EOL rated

A, Reol ARG A R A BE, R aeq AFRIBH T ZUE WBE, Rogw HE
b B IR I HI AR

W 7R 5 ) SOH J7 A N B #E Hvk B . Jlid Py B e ORI VEAR
AUCAN BESR FT A5 A0 FELVLAE AR P73 i 285 AN PR P BEL, 170 ELAE S o 2 FH o e DAAERR T 55
FTEES TR RS, TR ZERCR . Wl A BT SOH, TS KT 4
AR A S R R ORI R R AG . B, ASORK DLA R E OTVE TR
BSFHith SOH, #HAT 5 4L/ SOH Tl sk g .
1.3 $BESFHLth SOH Tl E AN Z IR

LAk, [EPAMIE TN BT f it SO Fill P KBRSzt . T J7 ik ml LA
GPRZATIA . — NFEETEE TS, O TRERIKEN T, SN T RS T
E B 1-1 pros R sl SOH Tl 77 vk S 4
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B L SOHTIM 53

+ I i}
ST BB 7 ST SR B 71 TR 7
£ - l I i l £
w | [ _ Iy
% ; B %
||| |s AN ) = 0 o7
£ 3 [y K ST
ol |®| |8 R g b
w| | B g 3| | %] | i e B &

Bl 1-1 # i SOH TR 7 ik 4k

1.3.1 ETEBEWEE

PR B TR i N B R YR TR R RN . BT
SRS (10 77 15 30 To 8 R A 25 ) D7 R SR A r b pA) 308 P A S LB RN A1 FLA T A RRAIE
TEAEAE G IR AR EHA S, WA B AT Fi AL 54557 ( Electrochemical
Model, EM ) FN%5%g B #4554 ( Equivalent Circuit Model, ECM ). £856 15 7Y 3= 27 L
TR R S0 Ht AN 22 560 SR AT R

(1) b A A

FLAK 2R R I o 2 N7 B0 ) 2 o R, AR S Hth A A 2 S R TH K
BPIREESE, MR R B TR ORI BB A N R R [ 4k PR TR R 9
TR AR T A R FES ) o A8 ENEER Tl KR KA SR T — R T 50 B %
B P FELAR AR, AR R P LIS AN S R Y SOH. #Eds. Bt T S8k
BEDTFE ST H AR, 7555 S AR i AN R 25 2 A K 3 S A
PRARARZE P AR FE T RS SOH flitl2). LI Asid K s wm — 25 N — AP i
AR T H B 7 Rl SOH. Tl o K FH A 7 HiL A 2P S B AE 2 Al THEL B8 T4 2K
TETER R R AR REIE N, @I BN AR AR B S B DUV AL B L SOH, P33R
ELE 2% A AU, Ha B 3 O Haith PN SR S A R g IR S I E B 5 R s
K Z 50 Oy ke K% 7k SO S N T & T AL 2 B 413 ( Electrochemical
Impedance Spectroscopy, EIS ) Ml & 254 Joilk -~ 7Kk 2 8% 21 B+ Fiith SOH A1t
WD BOE SR IR m e e M RS TR 2> LA H ith © 28 I RODB PR IR A 5
SOH, FIAR 2 ) 244 38 A 25 HY ) SOH. SR T T4 ) £ B[R] 7 ( Health Indicator,
HI), B4 25T T HI FISEI HI 2 (8] 09 2 B BAE T8 1E, SOH flithiz

3
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ZIT 2%,

(2) S5 LAY

SRR RO A R BE . FRA SR B O, IR A R RIS
TR Rl . H LA — B RC 48 R ER AR AUR [y RC 48R i g AR A 4 15
P 2 R B 5 N — o T3 P A DR ) RC A58 F S A 28 190 ek AR ARATE A R R 3
WA JE R R 2 I B, DAY I P AN S R A IR . 7E —5°C~35°C MK
2 LU RIRUE T BIEM ATAT M, SOH il 4axtiR Z KT 1%!0, RiFERKFwh R e s
NFRHEET —F RC 25 300 B AR A S0t e i A2 (9] 9 1 88 25 7 i it SOH. Tt AfE
B0, ZHE S T B U R 2 R i HL R SR AT, SRS A s A
Ot ot FE RS AR Y 4T SOH T . FR S A i jth — IR 2SR, 454
SCHERL TR SRS SOH MK I TN, b Ag3d ok 2 45 i LA N F th 3 T
TR 20 R TR ) R 2 BT A it SOHL FRN 590 AR B Jom L 75 8 5k FL IR
(S (T TN A S L R U TR It R (G O (S SO R I =
( Gaussian Process Regression, GPR ) K A JFfAhiit SOH, ¥ %% ( Root Mean
Square Error, RMSE ) 4 1.77%![81,

(3) &I

HTZIGHA R i SOH Tl i b E B MR E R, MRS
Re S 205 2 A JE I AR A AR T Ft ey o 1 22 A8 T8 K 5 g 5 NI s 1
P PR 22 A T 3 Dy [ A L AR o 7 TR PSS K R B O AL S S T NP B, PR
AR P B 3 5, R B AR 2R M5 T iR A 57 1 T A L i Ak
FEAS AL PRI B A PR IR A . SRI0 R I, AT DU RTINS [F] S50 A T it
TP B A I RO . SRS 2 SO T Bl K 2 R B e A N 5 RS A el s R A P R 2
LI AR TS0 GPR, RENSAE — 5 A1 22 A5 F 0 441 P b 25 6 7y T HAS 4 Al 2 ) 4
SRR0L, I B 2 R A A NS —FP ST Dempster-Shafer Al U117 5265 R 7 19 77
AT B T L SOH. R T — AN T4 B 1 FI A BE B AT N M A B0 Y, Tl
DAL HhAe B2 1 Rt 25 B (0 2R M ek A 21
1.3.2 ETHIEENNFE

bE N TR R R e, BaRIKEIEAR R | B IR AE M R G G @ i )y 2
A CUN RO, OO o RS 7 Bt SOH T ) =R 78 7 022 % LA 53
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WENERT 4 N =R U] PG W8 FIRFE %2 2

(1) ML

WA 2] R AL THENL R Grid i b ifg & 50 g /i, 12388 i, JFRIH
IX SRR SR SO B R BT TR AN e SR (I FR . AR GE ML AR 2 S A 46 S
FFHEML (Support Vector Machine, SVM ). #BR~~>J#1 ( Extreme Learning Machine,
ELM) H1 GPR %%, 4[5 50 == JE/R R DR AR — 5T SVM A sAL B #T
WIS BAE L T B T I A S LA T . ANDURHE 7 HLI SOH. {HIE /i
B A M 2 AL P 3 RO 2 B B AR AR — Bl R T AR S R R R T B
ELM {41857 it SOH TN v« R A ot i e AR A RAL B S 40, W
BEHLR SRR P 2 & m BEAR G I RAAE ,  DARRAICASE Y 53 e B T 4R i il TG 12
SOH i1 RMSE KB T 0.15%2% s B sUbRb oK 245 75 55 Nt — Pk T HE B 4
BB GPR R 1 Rt DU 78 FEL AR RROIR S AT TT ik, RS GPR AT BERTE
ANTR] R R 78 L R [ P AR BE 2R R, O Hs TR I A] B i . 78 =) TR
FIWrh SR HI, i s AR HE S R MR GPR RS . 20 LSk
3N SOH {1t RMSE 7£ 1.21% LAyl

(2) &M%

PRZ W 2% B AR 22 B PR 22 T TR B IEBBUE B BT B, B KB T /b HE . R
UFI % TR R . BB 4 W g B AL 2 2 R AIHL ( Multi-Layer
Perceptron, MLP ). [ [A{64#%& %53 ( Back-Propagation, BP ) A& E A T4 £ % 2%
( Artificial Neural Network, ANN ). 8 AR K22 #5922 - R EANGIN T —
2 L& G 7 B SR ) PP SO AR i, AR E )RR, Gl MLP A i i
Wi SOH, I iRZEN 2.95%27 . KIFERHE K% R 5 5 NI H—Fh 5T BP #
2 28 ARl i BEIRAS G VR . DARBIE . ariH IR 2 RN S R P s e ) Y
AN HI Ay BP #2848 BAINAE, 5] ANERLR K EVER AL BP #4225 IS SO A
I, S T SOH FRINASEERS, 35 H6 RKS F AR NS H — il F T8 5 7 i it f
FERAS AT 0 A RV 23 e . N fb 50 ANN AFTESUR OmiE . &ie
FEFASRIRE IS S W R, ST — PR R K I AR I 25 3 DI M 48 IR 2 HE B
Tk L 7o R S R AE AL ER )RR ShRE . R 42 A0 EIS HEAT4E faith SOH
WE, HEZEAT Bh TS TR BIS HdE M1 SOH Z AR X R, HSLBla a4 /)
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(3) IR

RN T A GRS 5 20 J7ik, TR 2% o RE MR G 508 AR 20U M w27 o1 i R
B2 R R S RRAERY . 7ERE B 7 Ft SOH TR 4TI, #4177 M A B A E
W% ( Convolutional Neural Network, CNN ). KFEIHICIZ M4 ( Long Short-Term
Memory, LSTM ). [ J#E#E¥ ¥.5C ( Gated Recurrent Unit, GRU ) Al Transformer. 7§
LA K 2 R SRS AR — R I TR AL AT CNN fr48 fa it SOH TN J7 v o faf
FHE By o BT RSB A S M £ T HI Ak 25, R4 CNN {71 SOH, RMSE X
SEFRPR IO T 30%3Y . G ISRHER S FAR RS NS T —Fh ok i R Rl R e
J7i, ZITEEET AR KRG gt 25 - 88 =, I NFE TR 45K Parzen fhith
OVHT AT R S HOR R v, BT SOH TMIRE R, S 2Rk £ B T B
K. Dhananjay Rao 25 A2 H —Fh%EF RN GRU 418 7 Hjt fe BER S 50 7
o A FH v A8 L EE SRR R A AT SRR, Il s S U 1Y GRU
Tl SOH, RMSE 4 0.3%0¥. 1 J& 6 A2 2R Bk A - HL R A7 4R 22 55 N3 T —F i
FHELAE 2571 A K i N B F 8 30T I8 ) Transformer TR 21 s b SOH J7ik,
52 Transformer A AAHELEL, TR TGN 1 R NTESR 5 SOH. TR A £
J7 AN AEB
133 ETFREHNAZE

RE TR R R AR A — IR B i, RS BRI SS, SR T
i SOH FRMKEE . FETRld B T7VER AT 73 gk T 100 5 S oK 5 R 5 0 22 b a9
Bl E R RE.

(1) BT 7Y 5 H0RE R B Ak & 1R 7 E

RREBNE TR BEAS =, AR AT AR b N CERLEE s 1 508 IR SR v P AT A 1k
B, AHEA VLB ERGA o Rl e T8 5 dis SR A sl (0 7532, [ et SHe RS /%
ZACHE KB R AT R, R ERPATT ML — . M RFRRRENRE 7 —Fh
TE FLAL 2B AIOUZ BT AR 28 I 2% 2 A1 38 B I A dt JriE, DUREITE BRI 1/
A BRI R AT SOH Tk FEZE (Msem . 55— S & MEIR IR M tL, &
WL T EAE A E B K RS AR RMSE #2175 50% A1 36%, R MM IEm T 38%

A 41%, Eig TREEOAR RS INE RS AR SR B I 5 LSTM 155, FIH
6
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RS M PR PR SRR PR R S P RC SRR ER & I I S8, WAL RIE 4
S P HREURRHE R FHAE LSTM #RZE M 2% (I A\ K T SOH. 253K, &%
RMSE 2 0.79%0%1, W& /RVEEEE TR 5 0 4 o 45 N H H — T B g P ops - R0 A0 4 22 Y
2R IR A BRI D Y TN A B T L ML SOH . MBS F) Bk TR AR B 1 B H f
fiE, FRE T — AN G54 I TR] R D0 2% R0 X [ K A 1 C 12 0 45 PRIV A A AL Tl SOH, T
Mi% % RMSE KT 1.085%7,

(2) F£T Z P Ik sh b & i 7572

Z MBI TR G, B B R A AR AN A5 AR 7S, RT 42T+ SOH il
DA BE Rz A, AR ERAF T M2 —. AR KRR EENRH—
M T3 TAE A TS T HIB Z S5 1H ) CNN-SAM-LSTM VR & #4824,
i T BRI BRIV S I & P 2%, SLIRITIE SOH. 4,
IR T — A S F) 7 A E ER A R iR AL, DAL S AN RS S HHE L)
WIERIR A R . S TRENL A BIBER T, Prot i AR DL AR e, A
R AL T 5 BEHLHE OB 2238 [5]3R5 T A Nt T — Pk T2 2 s e
LRI B S AT R B T U SOHL TR 773 o {8 FH /> 8 v AR 1 48 M L Tt 3))
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HI1=At |(ly, =1.5& I, =0.55) (3-1)
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7o HL R 2 AR O I FIA 3.4 BRI SR T BT, IREAAHSR RECRT 0.9
IVE 2832 HI, f5 a3k HAH 5¢ R 80 K IR F s Jed ER ARV EST i J] S00 P o 2 P AR A1 2 20H
I8 XF B ] HI o

F 55 BT U 7S A I (R R @ B R 1 HI2, AU
HI2 =1, max —t, min (3-2)
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. B 3-4 i LU, CS235 fAAE— & K A A, {HOR A | HI2 #5
Xof N L 4 25 i 2 i 3 — 8. MK 3-5 FTLLE H, HI3 S50 R Hh I 7 3
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A b, i AT P A U BR LR S SZECT IS 1], 8, e O IO LTS 0] R
FEL 0 S92 PR B ]

Kl 3-8 Oy HI5 M4, A& 3-8 AT LLE i, CS235 i ESRAHHXTT B000S H
WA 22, (AR S5AEZEES 8, UEY T HIS SR IHERIE.

—— Booos [ 13000 il
1.8 5 '
HI5 112000
‘,,
1.7 11000 & 101
= i =
=161 10000 & 2
& Loooo =
151 =
sooo F 081
1.4
L7000
0.7
13
- 6000
0 20 40 60 80 100 120 140 160 0 100 200 300 400 500 600 700
TRERFE W IR
(a) BOOOSHL i (b) CS2358 il

K 3-8 S5 [ T PR [R] HIS fh 2k
24



RT3

3.3 T 1C HhZkay HI 12 B

BB E B B B 0 e (Incremental Capacity Analysis, ICA ) & —Fh¥2
TR TV TR K A A T A S A PR I AR P I R B RN A R
( Incremental Capacity, 1C ) 2 1) B AU ME, 3K 26 15 v it 275 58 i FEE A DG (R RFAE
W2 N RS T Lt SOH [ Tt o).

ERUR R IR, W 3-3 fis, ARG R, MR T KES
18 (AR Y, o AH X S AR L0 A3 1 LR 2R 1%, 3 DL LA 9 AR AR 32 HIT A 4825 1 it SOH
T . TCA 38 ik I 5 e b 7E D IAE 70 P I P p 28 8 0, ) P 0% 5 700 it L
FE AN EE BT E SR EEAT AR AR B, /53] dody AR g, R

IC #h%k. IC HhiZkiliid n A REERWARZE DT, Bt AT
dQ _f-dt_ dt

dv  dv  dv
A, ONEE, Vo EEMmNER L, TVEBRITEER, AR BN,
TESEIG E R PR PSRN R, I s B AR A A [ A AE — g B[R] TR & 7 2K
FERT. N TETIE, RAMEHREAREHETE, AT

d_Q z£ — Ik(tk _tk—l)
dv. AV V-V,

A Lot Ve RS K UCRFERI R b 7S sl i i, I TR AT S H L

HI T AR YA AE — e AR ZE S R B . 78 NASA BR&E, &8 210
PRI [B) 85 BE RN —5, DURFERTE ARG THE IC IR AREIUH R A K. 22K
SeOG, ASCLL 10my NTAI G,  FREUHT R R TR R 5 1C #h4k . CALCE $ii e
R T NASA His 8 50 S0 e S 4%, AR ST LA 30s DT [aJ[RIRG, SREUR R
T LT L R AR T 5 IC 2R, W R BRSO 3my, IC T4 it . 1 3-9
B0005 HLIEAN CS235 Hth X B[ 1C 12k
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1C 123 ¥ VAR R it 28 B ARG PR 5P 38 I 52 B 3, T 9 1 m b iy T A0 R 49 K N 2
oo UL IC MIZRAFEA e RUEE AN B, A IR TN S, L5 A it P 8 (R AL
It AR 3 R P R AR R Y- 2 DA DG o SR T E T 00 B R P 2 22, 3t ©S235 It &
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AR IC MZRIEARTFIEN, XIR R A B AN B . SCRRUOR A
FE BN T35~ W YE I A8 0 vy WP D U A X SR T VAN IR s 1C 2R AT b BE,
TR £ R AR . SCERU TSR F B b m WTIE g 1C #iZk. S T iR
% HIs FHTHEMEZL AR ERYE, (RIS 25 58 B S bn B Hh B s W AFAE R 75 40, AR
AN IC AT IET g A3, ¥ 1C JE Al £ 78 SR AR VE N HI6, I8k fe 75 2L
WG AR T DA 2K e 0 B8 . HI6 ROFREGE A2 2 A R
HIG= [ ™ IC(v)dv (3-8)
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3.4 fHXMSR

HERF 1 HIs /2300 SRS AERG T SOH AIRTHE. i THEEU HIs fIAR kA
FAT REEA—FE, IR EMAB A HI S TR EMHECEE. N T
RIS His WA R, AR R A 5% %% ( Pearson Correlation
Coefficient, PCC ) FHi /R 2 4HKE R %L ( Spearman Correlation Coefficient, SCC ) %5
A BT TR His 525 8 2 [ MH DS HERE B K/ . MRG0t sC s fdi i PCC, H R
i His 5A S HMEEKBC R, mTRestFsAHrIELEEE: 5N scc,
A LN 78 R AR LR M R A B, [RIBT BE AR OGN A T, e O
e H B RL S A H ) HIs T i S
3.4.1 PCC

PCC & —FhZR ARG R %, Fl T PGSR &8 2 (8] R A R T2, &
WL ERA TR T E S TAREE AR G E), BUETEEE - 1 2 1
2. %4 PCC 4ittiAy 1 i, FRMALRETEEMK: [PCClHy 06, 1) i, %
TR R E AN, AR RIL MK |PCClA [0.2,0.6) I, FRMEAAE
B ooe, gt RESS: |PCClH [0, 0.2) B, RRWAERJLFEATLEN L
LR PESREK. PCC A IR AT

. - P4 (% -X)y, -7)
VE_ 0 -0 5Dy (-7
Ko, Py ARZEFEAE B2 [ PCC, X, 1Y, 4 BURZEPIAE RO 3 § KRR,
X 1Y 40 B AR REA (.

2 3-1 B T HM HIs 5822 A1) PCC

(3-9)

MR RS HI1 HI2 HI3 HI4 HI5 HI6
B0005 0.9965 0.9931 -0.9843 0.9967 0.9973 0.9926
B0006 0.9918 0.9885 0.9952 0.9916 0.9971 0.9865
B0007 0.9958 0.9849 -0.9901 0.9952 0.9982 0.9952
CS235 0.9967 0.9723 -0.9957 0.9969 0.9724 0.9926
CS236 0.9976 0.9796 -0.9976 0.9978 0.9913 0.9934
CS237 0.9968 0.9760 -0.9970 0.9970 0.9891 0.9935

F3-1HH T BRSNS HIs 5% HHEBE =R PCC. AR HE 11545 BT %0 PCC 1)
ZXHESIE T 097, LRI T 1. XEWHFTHE H 552 RN 5, AR
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LM R, A AGRIE BB IR, MR, BT HIL AT HI4 B/ 52 BB 76
U, HoA 4 M PR AR RL HI (6 PCC B R 738 ik Pt bk, fE7E K
FERE B R AT REHE & HI IR T
3.4.2 SCC

SCC R—Fils$giti, MTHEMNEEZMKREXR, FHRBT AR
(ELPR2A, TR T AR B (RHER IS KB 5803, PCC S il T id4:
I LR IE S 20 A B — SR Lk e RIS B . 478 B (ARG A AT A 4RI, SCC
AE ST AT Al s 580 B T s 2 B2 1) (R ek . SCC b RE AR ) 535 1 AN
R, R SR, AT T AN R R MR RGP RS . 2 SCC %
R 1 W, ZoRFNEREARIEME, |SCClH [0.6, 1) B, FRHAA &
HA2%, AEfLias e AR L BARR ST, |SCCl [0.2,0.6) I, FoRPAE Rk
M, FEAE— RN R, EAREE; |SCClA [0,0.2) B, FRFA
A B LT AR B IR 56 . PCC BT A R F

20 (RO ~ROO)(R(Y,) - R())
I3 (RX) RO Y (R(Y) -R(Y)’
A1, Sy AREWAEREZ AN SCC, R() FIR(Y) REL i MEAKERE X Ry, /£
1A B 2 HE R S TR LR RGO ATROD REAE X A1 Y i REAR
IR PRI

K32 1HE T LR N HIs 58 H A ER SCC. RIE T L5 R rT %1 PCC 1
HHME IR T 0.97, TPREEET 1. RIA HI #5555 B it 75 5 oA 98 S
FHUGIEWI T HI 77y AR E HI M. 38 PCC M SCC MZRa e i, 7
SYBOAIE T T HRER ) Hls FA RS R0 e 80 T FEL M ) 22 B IR T

% 3-2 B Ttk HIs 5882 [Af SCC

Sy = (3-10)

MR RS HI1 HI2 HI3 HI4 HI5 HI6
B0005 0.9907 0.9859 -0.9809 0.9909 0.9956 0.9824
B0006 0.9932 0.9925 0.9951 0.9933 0.9990 0.9904
B0007 0.9912 0.9822 -0.9870 0.9902 0.9960 0.9902
CS235 0.9940 0.9612 -0.9959 0.9950 0.9786 0.9919
CS236 0.9971 0.9759 -0.9975 0.9976 0.9895 0.9930

CS237 0.9952 0.9619 -0.9965 0.9959 0.9857 0.9892
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AR A RSN, P EIB I — N S ECEE T 0, BO00S FELML AR HEZE [-0.01,
0] ZI[al, CS235 L EAKMETE [-0.005, 0] 1A, IXFEWRFAE T —IEHF KT
HIPEIA A B, IS R A RO PR ss . BIdh g — DI R i A &
A, T B L AR R BRI M, X R AR R R I UGB Mk . A CS235
W e, HTAT SRR, ThEMBCAEE, 258 H AN R0 —E M
Yo AR ST R I, F2S 5 T A W AEAE 22 S 1k o TEWTAR I BXER 0-200 JA MY,
A3 XA RFEAEE S 12600 FIE, BAREMAEAER RE, HHEHE
5 5 () PR IR A 1) £ DGR B 2 F AR DR i BOOOS FEIIBTT 5, BH T~ H T A CS235
AL, AR I (A Y, R — B S A R . TR
B A HTE S 0-50 . 50-90 AL 90-168 JiHALE Py =N 2 18] (25 B AR U
ANZTMENE. XT28 50-90 BB, 758 50-75 MM, W TARERaEgE, 1%
AHRRFAEHDL, BibEARIAE TR . MESE 87 AN, M TRER R
/2, HEIH AR RERIEE, FER LR 0.04 4, MIEELE2-3
ANEIAN, HABEPE T 0.03 24, HIFZE 10 AN EIHREELL 0.08 A AR N
M. G 2-2 HAEEREIZE, v R X AT A S I A SR
B0005 #5& R, @ Pul il 7. g bAnR, sEAE TolEBchn—F
SEMSEI BT, MR TR AE AR AN, ERANBUEMEA
R PUHOR AL R R I A #RAS RE R I AR SR AR P, A ST LA BRI BEALE -
% E A ) L R e R BT P A S R Y SOH, %8 2 (i 45 s T HE IR
RIEF, I SOH Tl 25 SEBrBiR. [RIRT, 755 P AR ) 4 2% 7 3 5 3
RUL (KRG TN, SIS BRTNR 2 . H ArEr x4 2 1 st K 0 SOH il K
A TAES, AFU IR A2 BRI R, 0 B AR 205 5 A AR GBS o
o, BOEE TS EARINAS B SOH TS, o Ar RSk 3 BLRARYE Kd B &
IS . MR A ARG A N A R B A i, e I A T, S IR
T SR AEEOE . SRR G R PR . A vt 2 A A T AL T R AR R T, X
FESEBR LA T B U & o DURER G0, AEH R Z L RAMER P S
H 0 PR TR0 PR R ) 28 LA AR K I 22 e, R R R R T R AR R R AR
) FE AR B =2 TR M T &5 o DR 50% JE TS 50% JE#1 SOH i,
XERE MG B IMFs 2> B0 JUEE, BT 50% F8 AT At £ ok et i A B 2
BB A5 B A IR BRI IE R, TIRMEERTINE 50% s &
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MEE) . BT R TS B S S R, KRR R, R AR S
AL, KB B E . SOC & A% XAFEHARMEN RS, BRI H
BT EE . BI00, 7R B RS BN, B PR AR A B 2 v T
RS I AR RIS LLIR PG T S i Rk A R B . thAh, IR
FEASAL TR0 2R AR AT AP AR B, X R, ARSI ZMINI%
&gz, BAEEMBEVIMEME M, B, BEsLm =MEE T a7 o -4
PRI T7 3 AN Be A R FH SE BRI B 5 o
3.6 RNENE

A2 R TR T A R R A ST R e s R AR A AT HIT AR
IR R ARSI AT . W5, TR L R A . AR, ok
U S HL IC LR AR (LR 3 SR I S 4L Hs, 43 BAE TR 7 st 18] 25 BT
JR 70 LN )« 4575 R[] b T PR 97078 Pl PR B2 BE T AR . S5 B R T R
I TA) . 78 SR IC BH 78 AR AR, i T A PR TR SRR 325, R BUR 1
FASHRAE . Hovk, R PCC A1 SCC Jt [FIBIFFrR His 5 Hit S 4 A B A A A
FEE LR A SV R I LA o FEE AR DG, B0 A AT TR A 5 T FL T 2 B R LR
Ao Wwa, BARGHT TEEEARE, BB BOH SR TR R R, 28
b, S SOH A TR W T 2 52 LA
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%F 4 E ET IDCNN-Informer HEZ2RV$E = FHith SOH =77

%FT SOH (HEMTIN, Kk T BTHE His RUAHSGRESL, 143 608 M s Ok 2l 752
AR 2L, T AT I PR P P 77 i 7 BB B KA AU Tl e 77, g
W TE B 1 TR JE B AR R AR A T 4% 25« LA Transformer A7 Ay Je Al ) e a3t 55 74
Informer A AYIE I 51 NFR B B A& LI R LS s 0 b B PP AU 08, e 42 e
Hls 5 SOH MM EL IR &, Bt (8] /7 51 v KOG - TR BE A v o R B —
RSB AEAE SR PR, 4 Informer BERLLE VI ZRAE AR DI, TINRE AR AL . [
i, BIN —4E 5 A2 W 2% ( One-Dimensional Convolutional Neural Network,
IDCNN), FJF L5 K 1) J5 3R i S8 L S S A4y 18 FL 4 595 24 30 SOH, {H
IDCNN 177 78 K A T00M0A% B2 T B 1l @ . Dyl S fl G 0 T30k 48 T 37 iR 22
( Root Mean Square Error, RMSE ) 1 NACEE, A7 E i [ %5 30 0000 25 SR 56 4 () . —
AN )RR, SIS E L R S, AT AR S R AT 45 T B s — A AL
fli. BJ5, ¥ IDCNN 4RI B Informer 7K R — I [A] 2 (T 45 SR @b
P R R T PRAESE R — B TE)20 ) SOH s IR B o T B HE 242 A % SIZ e J90 0042
T 24 T AR — JE ) SOH, #EBIA P R R e T B i) Ha it o T 4, g i A
FL VUL B 5 R 22 4 S
4.1 1DCNN JRIE

LALLM 2% ( Convolutional Neural Network, CNN ) 78 B H 5. H ARk
AR TE & AbFE S U 5K RIAT . BT R I H IR B AR, B ) CNN
MIEREAARR . AT, 4GSR0 TR RS i — 4GB E
WL I —Fh AR A, SRS A B AT L, e Bl B I A BB v i) R o
Ry PEEUECE A R RIS FPAFAE, AR S AW BUNAT %5 R B ), J@ It iRE
GREME, IDCNN A LLSZHUG I PP RFAE (1120 2 HEH . Bt 25 25 B X 45 18 55 1 348
PRI 4ERRAE A ORI B G R, X G A RA L A R A
— G R R B 4-1 FTR
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K 11 > »___Ls 0 BRI
I | | | | |
- L, | | | L]
v : '
[ TR W n
3! | I
“ I ! | | |
I 1 o ]
I I

Kl 4-1 — 40T R B

R 4-1 1, IAFEARYGEERBE N (L, O, Hd L 2FFKE, fREIED
o BERKNN (n kO, ZoRKNHN b X fI n DERZ. Kk, —4855H
S /N W G T

y (0 =3KZAs T Zx(ts+i, ))-W(, j,n)+bn (@-1)
A, X OARIANGERE, U CARFEEDK, S B KRN, WoABRE, bn v %
PSR EAE . € S+1 NEFUZAE Ui A0 U B PER R R B Bk,
X(t-s+1, J) A H TGP AE RN FE R b 1078 o XIE, W3 J,n) A58 n DMERIAE
frE (0, 0) ERRE. YO & n ABBULIER Rt b s A
HI1E .

ARSI IDCNN 5401 4-4 4 T A H)—4EGPREUTR, HIRFIE TR B
BRANFRMATRA K. — I, FPALSRBUSEER AN GARR AR, H RIS AE I [ 4E 5
A ROAR B N 8 o B R BB AE AR A0S 2R o AEAH SR ARE Z ), RN T3
I BRBUE A A =, LIRSS, (RIS CRAE S N 7 1 I 8] 4 52 1 48— 1k
F— I, PN A2 R AR, e H R 4R R R R A B 2 T
i o

LRSS R T B B0 KB I NJELR MR R, RNk R IERE . B R Al
W 2% 2 2] B TN R A HORF AR 20, A iR R AR B TV A B ) AR 2 %k ) /. ReLu B8
Hot e, WSoRER, £ @R B TR RN, BT SRR
o HARKRAWT:

f (x) = max(0, X) (4-2)
X, F(x) N Relu fith, AN X KT 0, iy X A X DNTEEET
0 I, HtiN 0.

BRI R FI T XS B e, W SO BRI S RIS, R A

FINF A 4ERE R — M. ASCERMLE DR A 2, KA1, HRIEAWT:
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FO) =2 max(x,x,.,) (4-3)
e, f OO0 NI AL R, WAL BT CTBUKN | B RE 7 Y 3,
X, A X, RO A

MR TERZ A, TR AR IR T8 S, K= 4R ARSIk R S
S PRLER A 2 18] ARVE R XA IEEAT ML, SRR Z AR 2R AR, I
1117 SE B AN [R5 SRAE R T . LRk U h

fx)=>" Wx, +b, (4-4)

A, f () NERMEZ S, WONBUEFERE, KL n WU S0 B0E Hf 48
X AL T, 0 A TR B E

LN BN NE R, BUR RN 1, BB TG . A
WA, SRR S, EABR LN 2 R EE 2 51 Dropout J=, PA—
EMRBHLEFMEIuHE, BN 0. ASOEFMEFHN 0.05,

4.2 Transformer A0 Informer [RIE

4.2.1 Transformer

FE G 7 B i AR RS A B A4 22 R 2% ( Recurrent Neural Network, RNN ) 7E4b
AT A, F AR T PE AL DI GRRE AR A LR AT AT 5, R A KP4
THOUT, WS T SRR EE, SENGBEZIR . FEREIPH B DN
VF 2 7 51 A AN L S R F) B A R 4y, (H DR R 2B IG L S RNN 454
i, AR RNN ([5G 6. K550 P 7l ( Long Sequence Time-sequence
Forecasting , LSTF ) Z 3R iy 25478 $1 A L 15 i N\ 2 TRDOHG A ) L B AR AR &5
2017 4, HEFEH T Transformer BLAY, 1X & —PhE AR TN IR 2 ST,
AT T DR S\ B 1) 3 A [R50 43 43 BE A [ AR B, AT 8 o T R0 SR
76}, Transformer /& —M 58 22 T-7HE R UHUHI AL, PATOR Bk inl T, 32 m it i
HATHERNNZRBER, FARFHE T I AT 55 LR . Bl 4-2 Jy Transformer X245
. i B 4-2 Pz, Transformer 242 — AN 2w td 2% (Encoder) MIf#iS2% (Decoder)
LI e BB 7 HIRE R . AP 51 e 2 i 1 # N ( Embedding ) 4 i A1 A7 B 4 i
( Positional Encoding ) Ji5, i fith s 4t Rl AAD 38 MR, i it 26 1tk 2 A i
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KACJE (Softmax ) iM%t 45

Hith
1
CHEXe )
1
S
1
1
((Ca )
i 2
| I
@ I ~ A N
—{_Es e ) r
) £ IR )
i1 2 N
2 2 2 x
-~ I lﬂ
L& L
Nx | o Rz&T 1t ) r
L ATEES) HER 2 S )
At 2 A 7
~ / . — )
oL B4 @-e_ EB—@ s
AN SHTTTIN
i it

I 4-2 Transformer 7% 4544
LA I FEFIRY, BT Transformer HEAYIET ByF & /yHLH],  Joik R [H]
FEAIRIAL EAR R o IR P PUAEATAE N (A 4R E A B &R, R Ed A & 4
KA T 2 11 Fp FUAE F7 51 TR AR B4t A B MR B . kR AT

PE ;. 2 =Sin(pos /100007 ) (4-5)

(pos,2i

PE = c0s( pos /100007 4= (4-6)

(pos,2i+1)
K, pos RojPiE, | RoRYERE, d g BTN IGERE .

MENT AN G2 )G, Hop = DBEME RS N B ( Query, Q ).
(Key, K) Fff (Value, V) =AMEFE, HAFEARMT:

Q, K,V = XW,, XW,, XW, (4-7)

A, QeR™™ . K eRWHIV e R%W N 43 BRI A A RE . H 0 I A 4
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4 W N T Rt A0S
X eIqudeodel ﬁiﬁ])\ﬁ%, Wq ERdmodelxuk . Wk c Rdmodelxdk ‘*DWV c R mogel X0y /\ H[J,fti% /\]"ji

IR AR o

G R IV, Transformer AAREE s ARMI 22 SR 5 0 SEIL A VE R ML
il FEIS PP PRSI RIAE S5 7, 8L O A1 K I AR ERA R SRAG 7 SN [R] IR 18] 25 1 SR I
K, B S R Softmax 15 BRI TEID FIACEAERE; RJFESAIEIERES V
ke, RE AR, SRR AT

Attention(Q, K,V) = softmax( QK )\ (4-8)

Jdo

Xrh, softmax JEFRIA—tbg %, d, o~ K MG, S AR KSEREE
AR, By 1R — A JE MRS 22 R

BT b BV R B R R L SR R R, R 2 SRR U ik
O+ KM VAT ZIRAR LR, JHTHPUTIESE IR, Rk a KPR
PR R R 2 . XML R VPR A [F R 7RG TR R, AH
b Sy = ML, GBS B8 G M S S N\ A R B R [F A B 2 TR R AR R,
RIHER ) FRIERE 7o WL AR [F Sk ) Attention BHER N R AT —IRE AR ¥, £
SREV- ARSI

MultiHead (Q, K,V = Concat(head,,..., head, )W ° (4-9)

head, = Attention(XW,?, XW,*, XW.") (4-10)
XA, WO e RS2 AR WAL EAE R b MR REG WL WL WY
SRR KN R R X B O K. VAR SERE .
BIHRENRZ TR NG, w4 e e B E SR Al
PILE AR A — Ak o Bl 72 BEFE H R 2 22 MR IR LA 22 D00 2% v (4066 J52 Y 2 E0ioh 8 A e i) AL
134 BENS A BN ZRIRE 451 o R IA— X R BB P L4 B HEAT
H—A, EHBZMEN 0, HZEHN 1, AUTRERBEKINGERE. ATRmat—:>2
X N BEATRAAE SR B AR 4, HOINRE Y Rk BE ). = TR

H = LayerNorm(MultiHead (X) + X) (4-11)
H = LayerNorm(H +FFN(H ")) (4-12)
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L, X NSRS FEN A% R AL LayerNorm NEVA—LREG: H gais
AR

fERD2S 5 omAD AR S5 A A BT A o RIS S B R LI 5 AT HEAL HR AR . 1E
AR | MBS, BRI SRR RS B RS R,  DURIERER R [
Rtk BREVERS120h, RIS ERIE 2 5 gntt 540 AT 22 TR R e . TERRIG TS
T, ARAS A A B P SR — AR HEIARE R . EEARRE, B4R
Y 2 HIAE B B AT g A A L, DAS B IR R AL AR R LR AR T —
ML E R, XA SRR DT

J5lfi Transformer 7£ LSTF /145 LRI, FEAFE: BB IHLHIF 751
TR EAREE, BATHENS: HE 2RI 5MEaRMLE, SHERESFIIKE
L 220078, AAE S BT, H g .
4.2.2 Informer

Bt B iR Transformer 4775 7] #2, b5 A 25 MR R 2% i i 55 AV Informer
A, MERFRER 7 /) (ProbSparse Self-attention ) ik IR O, KT HE
JRBE, HEVERSIZM ( Self-attention Distilling ) HEAT T RAEERME, /b o B2 AR 2%
SHHCE, RS ( Generative Style Decoder ), % 4i&EH% 2 — 543 5 fr
A A H o Informer RV LR T BRIV SIS R AN 25 (M) A0 FE, 4 T & T
Az AR 25 1 TOUIU T R, A e T R 2808 A S Al 1) R . ] 4-3 A Informer
TR ]

,,,,,,,,,,,,, | fith
] R P : JoSSENEEEREE NN
P “~ | SEA |
5 2 I 5 ] iR :
: (R : : - :
' ' — BILJEEN :
: £ 3R : o emELaEm
' EREN=w)] ; ; HE& ;
................ = eeeeessertieeraeses
0{01010{01010
ST Xen TR Xde={Xtoken, X0}

] 4-3 Informer #5445 §4)
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G B R IR R BT S BE R I . SR, BETCRIL, 2
s O RIMKRESN, B/EOHIRN O M RBER IR A BORTTER, 1 H A b L
[t O WISABERE SRR XS ST /1S Vv Mgk, TRKX 5
&, 1@ THAE Kullback-Leible HUR rTEE BRI ABELY O X0, tHEAXA:

— KT L QKT
M(Qi!K):maX{QITJ}_iZ]‘:jd_J (4_13)

Ly

K
A, L NIEE K 897430 max{?)d—J}i'sx/l\QiELK/l\KE@%jz’%é};

k

1 L Q,K;r . p e Ny =" =
L—Z,-_le—jaﬁﬁﬁ Q 5 L A K ABESMNG: MQ,K)AEA O M

ARAR)

B FIKE RN 96, HXTR 96 A O K+ VAf. Transformer H 75 Z it 5L 96 4
O 196 4 K RNFAHK A o Informer R FRFEHLI L 25 4> K18, £/ 96 >0 5 25
A K SRR, BaEE R MY AR RE, A O RE ST
515135 M ZEH

B TOP-u AN Z XM E) O RUATEER 0, Ha 0 Biyliitk 0. Wi
TOP-u 4 30, WARTEHE 304D 0 596 A K fmidl, s v AHRGE HiEE
Ji135r . HARWHEUY O XM V ES A FIHA V P m & XA
it AR O(96°) TRzl O(96x30), KAVLINAE, WELH Q i 54
/I

QK’

\/I)V (4-14)

Attention(Q, K,V) = Softmax(

K, Q A Top-u MFER Q.

LY O MR8 VR A RIS, A AR AL B A TR E
oo Momidim@E DL ZMLHT, PEXSEHER V ERREREEES I,
TR IR AN A I L T RS e A LUK, Ik, Informer 7E%F
— IR E SRR BE R IIHERE A, BT T R AR TR . AR IR R A RE B
&SNP I R 4L, ICRefE BV ERRMERE IR . 58 n BESE m+1)
JERIZR I RE IR -
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X!, = MaxPool (ELU (Convid ([X !1,,))) (4-15)

A, Xoa N8 (m+ 1) ZZIMEME HES S, Convld Jy IDCNN, ELU
T B EL MaxPool s RIAL B EL, [Xo1ae NEE n J22 MR MBE B = ks
e

5AE581) Transformer 70 B RS ANE, A2 U RS Sl — N 4E 3% 2 Bk
HZ D WS, A B a2 MR B EEERE, e E
G fih i (0 i LR AIE PLEAT 2O SO E B R, R IE L A= — R M At P T
[ REINE AR

Xde — Concat(x Xo) c R(Ltokeml-pre))(dmodel (4_16)

token?

T, X € RO Jg st Fo 51, X e R7 Sy H AR F B Z, Bk 2467
FEH R AT AR T 51, MG F B )55 Concat() 3 AN 7 51 FE IR () 448 5 T Bz
X ge NI ERIRIN o

ASUAE AR Informer ZEMIUNIE 4-4 P S G R 25 A5 R AN AR A 25 A5 B BT 26 1 o
2 R AR BRG], AT R Informer FEALLE/DREAKEE T LSRR ELAE /1,
AL GRS g = AN ST R, MR =R 2 SRR B R R
P8R R . SRR PR 2 MR M BV E R R 2R R A . 5
BN = = E N R T = PE =y = i b R N R IS A R SR ei K LI =
¥ 3 IRGmALEE SRR, D REAE T3 0 O SR A 5 1) AN [ I ) RUBE R I A 15
A T A 242 4 I S ) KRG R
4.3 $EEFHM SOH mFUMHESE

AT EAEATHE ) SOH s 2 1P e, AR 18 SCHE TS &% SR R (R &
(TM)i7-8550U CPU @ 1.80 GHz2.00 GHz. 8 GB {7 A1 64 17 Windows 10 ZXEEAR
BERF B ICA B LT SLE . AP 58 PyCharm Community Edition
2022.1.3 A1 MATLAB 2020b.

Informer HEAYAE K 7 41 IS 7 F5000 7 T R A WY AR F (BAE NI ZRFEARU D B L
PRI AL, BEE TN B R n, AL T R 22 IR R . B AE LR
TIFEIRAFA N R TS . M2, IDCNN A LLAE D FEAR R 3R1F B 4T i 7l

DA FE, IFREARH HERR L TIUI =4 Fir i (8]0 O & . AR SCRKE IDCNN =4 i i (8] 20 Fil
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MW EEIEAN T — P RREZRE R, MMIAZMZIE Informer AR TR 2 1)
HI . f LRTiR, ASCHH 7 — MR AESHESE, @744~ IDCNN-Informer, PASZH]
AR B B A T A Y SOH Tl o 8 55 1~ Ha it i) SOH. s TN HE 22 4n P 4-4 Bl

| ;
L (L I et e femate
Py — e | LA —_ ‘
_ a1 - / Win
é‘”‘ % Informer: IDCNN:
339'/ o5 e BT i o
Maglfli L % S F
37~ !

' " i
500 1000 1500 2000 250
[ /s

|
I
I
|
!
l [ FRFLHER A (3] 5 571 S GHER)) — —MBR
38R ) ERA i I o ;
. ) *; 3
| 1 XIY4h i [ — o B 1 2% T g 3
: | [ B*256*L/2 4 iR |
1 . kit th ]
| T B AL
— #HIRE2 |
— pocsce ——0 | » pLoves 4
i : T BT
TFos ! iR
| BB - - Bm*u;{km
1 ARk 39 (1S ik
i [ P4 o6 B N 1
prpeeE i N s BRI B*L/2*256
| —> LTI [T [Tj _’ﬁ%ﬁm)\:ﬂl%ﬁﬂ}
. GRLE | BALAT G BAL2M R BALASE BAL2*

[ 4-4 #1257 Hith SOH A TR AE 2L

Wl 4-4 FioR, SHESE R BAFEFHE Ay, RURESEHCNY BORI TR B . Bt
ARRUTT -

BIR 1, RHESREUN B

(1) A5 FH 3 592 o JE I VR B AR R P, ZEPRER 2 A0 26 (1 Re e YA BBl M A2 3 15931
— R 5 FE ARG R [ 2R AL

(2) FIFH Bz /R #MAHS= 2% ( Pearson Correlation Coefficient, PCC ) FlHf /K S 4H
K 2% (Spearman Correlation Coefficient, SCC ) ¥ [A] 4L 5 25 2 AR M HEAT 5
B0, %L [PCC&SCC|>0.9 HIRERAAE CEIRIFE MR 7L S Al A AR
SRV MR R B, B PCC BOKHIFHIE(E N HIs, 1EATRNIER
ISE PN SENRE I

IR 2, T B .

(1) Informer #5334t 2850 NI 18] 2 U EAT D) v, BUF B G 53 =
AN RBE I P51, 53 AN B — AR T BT St , 55 B T AR R RFALE
BB R AR N amig 28 (i I RS 8 AADJe , FE A 821598 Informer
R SOH F— Fili 4 R

40



RT3

(2) IDCNN #iH, Rpif@idimi NN, HHAEN IDCNN FfN . Ta:
AN TRIE R L 2S5, SR Fa 1E ) 49 2 b fa — 28 TR0 1 24 i I TR] 2P 2

(3) SR, WL IMAUESPIAS SOH TS5 57y Bo A E sk f1, 1535\ 4
[f) SOH K i & iR .

EMBUZEF, W, F W, 50 540EK Informer AL 1IDCNN () H & NALE,

EAMREZFN 1o BEARHNRESN, EBK, k2R W, MW, [
THE AL

ARmse
W o=1-—2 " 4-17
" Rmse,, + Rmse, @17

W ARmse,

°~ Rmse, + Rmse, (“4-18)

3, Rmse, Al Rmse, 435fX3% Informer HFUAT IDCNN fELGUEEE b )25 & 0

MR 5 IR F =AY 7% Z%Z (Root Mean Square Error, RMSE ), 1 & &i#
ZH, AT RIEEHIRAE. RMSE [5E LT

RMSE = \/12?_10« - (4-19)
2

A, oy MoyD A RIAREE TR SR A R S TS, N O SRR
LM

PR MESEI) SOH  ma Y f5e 26 45 R b MR R (R F000 45 RAT A5 i, HAH 5
EWF

sopt - Wa*Cy W, *C

© x100% (4-20)

X, C, Al C, 43JlfREE Informer B IDCNN FilZE &, C, AELE FHHl
I BUE A&
4.4 $EEFH SOH S FUMsLiE

% SOH 4, #F|4x{#iH7% @ ( Remaining Useful Life, RUL ) -t /& £ 557 Ha il i
FEARDLII R FEFR 2 — o RUL J& 48 M\ 4 AR ES 1) i it 77 i 45 R IR 9 4R 7 T8O BB 3R
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UH . BIRFRIETT A, AAPANMRFR A% O 2 SRR A TN A a3 .
TN EITERE, BRAR (4-19) B RMSE fabrsh, 5K A 45 B 4 sefr RUL
S5 RUL [4a%i% (Absolute Error, AE ) YE5 SOH Fildll ) 48 k5, MR
00 225 SR PR A e P A ST P A2 8 7 T SR IE B TS AE B T &5 SR i . AE Fibm it
BT

(4-21)

pre

AE =|RUL,,, —RUL

A, RULy SEPrB R A Ay, RUL L TR0 5 5 51 460 1 36l o Ao FH 7 o
4.4.1 SOH RFUMEE R

AT T P 7S AT S T B S SR IR UE BT H A S . B B G IR A
JASHS N 40%  50% FT 60% MIIZREE, 5% MIgniEge, PASAH RN K L .
B0005. B0006 1 B0007 HIYIZREER 77l 67 84 A1 100 MEFAE ], CS235 1
GRS A0 286 358 H11 430 MEHFE M, CS236 MIYIZREEKE 73719 277,
347 T 416 NMEH, CS237 BIMZREERE 73779 303 379 A1 454 ANMEH . 40w fr
®, UEEFRTHRIPERER 80% I, HMIE S L. HE, BT
Hijt B0005. B0006 A1 B0O007 MIIEH AL, A1 0k B0005 A1 B0006 M &
REE NN 710%. B4, BHTF B0007 1 SOH KT T 70%, A 3CH B0007
AE 2w N T1%, LASEIL AE $84RIFITHE

% 4-1 Informer B S %

ZH 1B ZH 1B
LI 20 ELYERAY =il [3,2,1]
DA HNT FIHC R 20 fifh 35 24 1
FRAE A5 51 F/ 0 5 A1) K B 10/1 Eiin NG 4
N3 256 ERE 0.05
VWD 4 6 )R 0.0001

Informer 7Y ] T~ 5 B Ik P T o 255 8 81 L s 50 A B2 O BR ), AR S i
M B 2 bt 5 R 78 73 PR U N P B AN [ IS TR 248 B2 O RF I o 2 B 3 S N B K
20, AWIMAKIHESR T =PI 08 200 10 M5 FIRsRBER BiER
G TN = NHERI AP AT RAE IR, 23RS 2K 5 B =ML
B, RIEHHE RN 15 HRFIEIR . 258 28 1 i ith SOH FHINHS 5 s =0, i
8% IS A BEDY 10 HISRISFP AR RO 1 RO HERS 1) H AR 3 S L. 1EE
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A HIs AN, 8 R SR AR HE S i 48 2 SO R 28 2 45, 3@ I SEaont He R B
(R R BN B SRS BE SR T, ORI R NGRS Ko S 24 58 HE B gD 38 )=
BON [3/2/1], fRLZSERCN 1. Informer BRI B E 0K 4-1 iR

T B — AL RO A R R, R AT R 2 SR TR BEAR . 21k B 22
SRR, (EREAR BRI R, Informer BEALRBIAE . Bl THINEE F b4,
REAE 43 AT B S A0t 2 S EUTINAR 2 B3 . IDCNN R LLYE I ZRRE AR (5 5l B
KA R ZE 9. AU A Informer fRRD#8 15E38 7 5I4E N IDCNN (5N,
T A ) R PR — S0 P ) O e 28 B 5 Informer F N 43 - 5F— 350, L3R5
BN AR R, R E— DA, EOON N PERERIER.
TEAR A 1 R S 80, AHAD D R SR AR AR BeiL . IDCNN S ai i 1] 5 2%
T 45 R B IE Informer MY N — A E IR,  LASE m Tl (AL a1 .
B, GBI AU 2 I A SRS AL R, 159 S H it Y B2 SOH FLI 45 R . IDCNN
S5 S8 4-2 Fis.

% 4-2 IDCNN i) 5545

W24 = JEBAR KA JER AR/ A T 0 PRI
LHE 1 2 64 Relu
AL 1 2 / R
HBRE 2 2 256 Relu
AR 2 2 / R Rk
ZEHE 1 / 64 Relu
L 2 / 1 /

7N AR Rt SOH AT 25 SR ] 4-5 1] 4-10 Fow - | 4-5 21 & 4-7 25 B0007
B0006. B0007 HiyhsLIn &5 5. WTLAE , =2 Hthf¥) SOH Tl ith 4 #R A B % 1)
M4 FS: SOH BfhiiZk. MHIRT 40% MYIZREIA, 50% F1 60% IZRF T
RUL $8FRiRZE /N [FIF, BRE 40% IR MTH =4 Bib e s 87 AL A
KIIZ S AR R TONRZE, HAR TN SOH R ZEMIEIR/NIRZTEH K
Wl B 4-8 FIE 4-10 Ay CS235. CS236. CS237 HMSIRLE . W LAEMIIE H
BB NAHEA R 2, =2 B SOH Tl %7 B2 ML & K 5 SOH B 1k
25, We I AL TE H SOH 7E 80% 2 1T, —#1Hijth SOH TR Z st E /N T 0.02.
M RUL $8b5 &, FFEFREEA S HSLiibrE 4
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4.4.2 NEFFIFUMRT EL 3

BB HAE LR ) — 8 B FR T A A J5 T8 2t I B S Uk B Ly
s, FURHE /A 2 R AR AL, DRI AR Af [ sk S50 v i T AR e a3 . B —
KR IR SR B 25 5 52 BRI SR Bl i e, A5 P A A I SR A B A kb d
K7 H0 T .

N MV B T B SOH Titlll, % 4-3 %1 7 RMSE Ml AE f&5¥5. M
® 4-3 Al LUKEL, EAX IDCNN (T I (8] 28 SOHD A1 Informer (TN —
I 18] 25 SOH) #AU7E RMSE 485 F#IREIA BB AT AE R, (H7E AE f8bs AR
5, JUHZ Informer AL, B2 H| HIs FRAEMER 520, 7E AE fibs BAEBKM
BAE . Dy 1 B BV Ul B B AN TR AE R R TS B, AN A I 50% I
S HRBER IR — £ WA 4-11 Pos. 856K 4-3 ME 4-11 ATUUEH, 1£
B F it SOH FMIMESS A, IDCNN [ s 3 BE I 8] 7 B K R . AR LE
T7E NASA #4554, IDCNN £ CALCE 4l IR BEA B N . P& BT
WA RN, R R R AR S SE PR A . T Informer MTIZE Rk K, X5
CALCE ¥4 HIs fAEWANIA R, UL T R — AR R R IR IE . AR SCHR H AR
2T DA R — AR R A2 o 38 I 45 P AN SR A AN [ B (] P R T 45 5, mTEA
FEA AR I TIAT 5 LA S RMSE A1 AE $845 7 T UG 58 47 (0 45 5

% 4-3 P T-HIh SOH ST ) RMSE Ml AE 45

T 45 #v/ AE / RMSE

T ) 4 # 4/ AE / RMSE

CER (1M YY) i, THIE 2/
1DCNN- 1DCNN-
W ERFEd IDCNN Informer b Tl R IDCNN Informer
Informer Informer
67/57 49/8/0.0152 60/3/0.0240 50/7/0.0109 286/273 330/57/0.0171  241/32/0.0264  285/12/0.0174
B0005 84/40 34/6/0.0095 37/3/0.0150 34/6/0.0070 8235 358/201 217/16/0.0182  166/35/0.0246  205/4/0.0163
100/24 27/3/0.0052 19/5/0.0094 25/1/0.0063 430/129 145/16/0.0164  108/21/0.0231  133/4/0.0156
67/41 35/6/0.0128 23/8/0.0266 34/7/0.0162 277212 223/25/0.0300  119/93/0.0363  210/2/0.0261
B0006 84/24 25/1/0.0133 18/6/0.0154 24/0/0.0124 CS236 347/142 169/27/0.0127  102/40/0.0287  147/5/0.0147
100/8 -/-/0.0189 -/-/0.0139 -/-/0.0164 416/73 77/4/0.0131 63/10/0.0232 75/2/0.0146
67/92 74/8/0.0200 -/-/0.0182 83/9/0.0153 303/275 278/3/0.0095  247/28/0.0232  277/2/0.0122
B0007 84/75 68/7/0.0061 70/5/0.0077 76/1/0.0055 8237 379/199 208/9/0.0128  200/1/0.0158  203/4/0.0141
100/59 63/4/0.0040 51/8/0.0063 60/1/0.0044 454/124 127/3/0.0123  92/32/0.0157 125/1/0.0107

46



g M N e e 2 VAT

—— B0005 SOH 75 —— BO006 SOH
76 —— IDONN: 24 {Inf i 2 —— IDCNN: 24 i 25
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FEVHEIGUESE 1IR3 5 R 22 5K A L AR SR 1 A B R R I, 6 3T P R e 1
IDCNN AEAEAEAE B 55 3 S0, 205 7 Informer R A AT IIAL 24 o
BRI, AL NS E L Sk RGOSR AR ), 785> % 7 IDCNN K
ST e T ) ZE A Informer BEAYAEREAELDAFOL T IIZRAE T A 2

N T U B IR B DLk, ASCRLIIZR 108 40% ) B0006 A1 CS236 Hi
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W, gk 4-4 Fros. IR 4-4 W50, 50 EACE TR TR ZA L, AT
S 07k R & HEA S8 i T0NRS B2 o 24 I 2R 2 « T Jo) 00 ek i, IDCNN
OFRIRS B i, D4 A RSKTF 1, #9h0 IDCNN BIRLE: Sl BEER £ .
TN A, Informer A5 TS B2 42 5, [ IDCNN 4L RS 2 AN RE
ARG e W HACHA TN e D B 22, RIS & /T 1, 900 Informer 57 fRIAL
H, OB SIAESE L, LT IDCNN AT A TN RE sz, G341
HIBLEE T, &N ANFMESS e, 4 SOH THillAG L .
K 4-4 AFEINALTT ) RMSE EEAL

NN RMSE/ALE
4 L) i 2 A \ T4 0=1) A
0.0197/ 0.0184/ 0.0210/ 0.0177/ 0.0162/A=1.2/
B0006(40%)
Win=W=0.5 Wn=0.4/W=0.6 Win=0.6/W=0.4 W= 0.35/W:=0.65 Wmh=0.22/W=0.78
0.0265/ 0.0262/ 0.0274/ 0.0275/ 0.0261/2=0.75/
CS236(40%)

Win=W=0.5 Wmn=0.4/W=0.6 Wn=0.6/W=04 Win=0.20/W=0.80 Win=0.41/W=0.59

4.4.4 FRIRIEZR 5 HEESE SOH SFUMELE

N T A MG AERUHE SR AR s - sl SO /& T 5 T f) Ll ik B, R 4-5
FIt 745 RESE Ml AE 5 HAMIT Aok K HAE SCI T b R 7 1 LA s A
B0005. B0006 F1 B0007 5 MFE-GRU-TCA™ | SVR-CEEMDAN-LSTMPU,
DTV-LSTM81 | GBLS Booster™ j#f 17 1 L # . CS235, CS236 1 CS237 5
CEEMDAN-Transformer-DNN®! | GBLS Booster. Bi-LSTM-PSO-DGPREY. IFO-
PSO-ACO-CatBoost®, TPSO-PFI™ AT [ L (— &R HEZE H AL 535 7 i)

M 4-5 hELLE W, FHRHELSE/E AE FI RMSE J5 [H#F REIR A 555 /1 (T3
TS EE . [RIHEHESLAHLL, g2 n] & EE M T/ H B . ¥R Z 3R bl T
REHOLEHEL, MBI HRRZE AR AT, AR AE St REHR (it 5 A 10 35 5 AR i
ZEFRbR. X ELGE SRR, FrRMESLAE SOH w7 T B A B8 i Ak o

7 4-5 AFINMBOTIE R R ZE R

ER HELL TR £ AE RMSE
MFE-GRU-TCA [45] 60/90 0/1 0.0083/0.0090
SVR-CEEMDAN-LSTM [51] 60/80/100 2/2/4 0.0291/0.0136/0.0060
B0005 DTV-LSTM [78] 67 / 0.0215
GBLS Booster [79] 50/70/90 / 0.0205/0.0096/0.0081
ARy 67/84/100 7/6/1 0.0109/0.0070/0.0063
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B3¢ 4-5 R FTRL T R R 25 e

Fath HE4E Tl e s AE RMSE
MFE-GRU-TCA [45] 60/90 0/1 0.0130/0.0092
SVR-CEEMDAN-LSTM [51] 60/80/100 10/4/1 0.0664/0.0231/0.0155
B0006 DTV-LSTM [78] 67 / 0.0109
GBLS Booster [79] 50/70/90 / 0.0107/0.0094/0.0098
K WRES 67/84/100 7/0/- 0.0162/0.0124/0.0164
MFE-GRU-TCA [45] 60/90 1/1 0.0117/0.0082
SVR-CEEMDAN-LSTM [51] 60/80/100 5/0/6 0.0142/0.0087/0.0060
B0007 DTV-LSTM [78] 67 / 0.0133
GBLS Booster [79] 50/70/90 / 0.01270.0073/0.0094
Rk 67/84/100 9/1/1 0.0153/0.0055/0.0044
GBLS Booster [79] 400/600 9/1 0.0617/0.0181
CEEMDAN-Transformer-DNN [80] 300/462 /1 /
CS235 Bi-LSTM-PSO-DGPR [81] 450 / 0.0090
IFO-PSO-ACO-CatBoost [82] 300 4 0.0126
Rk 286/358/430 12/4/4 0.0174/0.0163/0.0156
GBLS Booster [79] 400/600 9/4 0.0578/0.0181
CEEMDAN-Transformer-DNN [80] 300/599 11/1 /
CS236 IFO-PSO-ACO-CatBoost [82] 300 2 0.0126
IPSO-PF [83] 400 7 0.0120
KI5V 277/347/416 2/5/2 0.0261/0.0147/0.0146
CEEMDAN-Transformer-DNN [80] 300/581 22/6 /
Bi-LSTM-PSO-DGPR [81] 470 / 0.0062
CS237 IFO-PSO-ACO-CatBoost [82] 300 1 0.0099
IPSO-PF [83] 400 5 0.0220
KI5V 303/379/454 2/4/1 0.0122/0.0141/0.0107

4.5 RE N

KEEEANT IDCNN. Transformer. Informer [{JGHERIE, FF4RH THT
IDCNN-Informer HEZ2 [\ 41 85 7 il SOH s FlIMEZE ., FriRIER T4 & T
IDCNN ZERFEHEIL . 555 4 FRINAN Informer 78K 541 TN 77 T (A8 3, @b 1 54
—AERPAE, P2 T SOH ST I HER M . (kUi /N4l SOH il 524, 50%
IR R A [E] 7 5 T s LA, BB REZEAN A Ay 2K EE B LA BRI B 32
SOH TMIAESE ML, B Frdt SOH f TR HESE AN AEIE S AN () J K B (1 Tt
551 B T0I0RS B2 v
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% 552 ETF CEEMDAN-LSTM tEZ2AY48 = F 85t SOH B HA

T

R T L R T UERR Y SO R TN 75 22 SIZANF BE 3 Bt M s AT 84l 7ESE
B ) 30 SOH. F00N o & S50 %) 52 ) FH e it g S8 8000 — P F0 A >k —
B A o it SOH A8k, R85 B Al 7 42 w0 K r vt P 5 e B2 e, (]I o) S T
AT A R AR S R RN, (R b IR IR ST, D RIRIR SR A REAE
DGR Fth SOH FHER FUN M = ZE R R . A SCOAVEM T T4 = A
21 S IR, 48 H A% 0 S0 = PR o 25 P A ) A S 114 70 8- 2 B Tt
JTEFEANREA A IE P S bR R AT TG o O T BRI FL 25 R A 1o R Hp 25 R T A D B
TR SOH & AT ) S IS, AR SCRE N ORVE AR A I O T Rl /2. o
JoiEI e HIEMN EEEAS LA ( Complete Ensemble Empirical Mode
Decomposition with Adaptive Noise, CEEMDAN ) 4% e it J5 5 28 BB Ak Hh 28 97 1155
B JR B AH 5% 2 %t ( Pearson Correlation Coefficient, PCC ) Fl #7 f7 /R B #H ¢ £ %
( Spearman Correlation Coefficient, SCC ) LGB ASAH I S8+ 751, S8 53 i)
i XA KA 02 4% ( Bidirectional Long Short-Term Memory, Bi-LSTM ) Fl: 44
WCAZ /%% (Long Short-Term Memory, LSTM ) 73 J3 il 5 22 7 B AIAR 5C imy 431
B, o5 S P TI0 25 SR N £R B ER A9 55 24 SOH. Je] TR 45 SR
5.1 CEEMDAN [R38

P R A R A i 22 — NS 2R ERME R AP RE S, BE AR
B R A FIAG IR R AR 3 K /N m FEBEALI . (55 R R E S i e+
MBS RN, BEERANHIE SRR JRE0E FE B UL T
175 BRI AL AN R G5 T o

LIRS R (Empirical Mode Decomposition, EMD ) 1K #515 5 H & (5 [f] )X
FERFIERE H 3 i — RINAAEARZS B KL (Intrinsic Mode Functions, IMFs ) ll—/Mk
#4559 (Residual, RES). FFANAMERZS 8 AR FRSRRE, 68 B E R
R 2R AEZ M . FEFRA(E S . SR, EMD 7E 4B AR M FI AR A5 S I AR — 1
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B3, GifE IMF Zr b il BeAAE RS IR S, IR IMF P8 T AR & T HoAth
IMF (RS AT Se RSB & 45 i, RIBH55E ANBIE EMD J3 i h s - 18
90 [ e i g 7S TR B oA, RV IR SO ES 73 i (Ensemble Empirical Mode
Decomposition, EEMD) . #R1fi1, 7351 IMFs Al GRS B &R AR I M S, 2
i) J5 22 (145 5 /T b B . PRIk, Torres 58 ANHEH T CEEMDAN KA HURE (15
7N B B B )/, £ 23 A I RE AN B BRI N e e, IR T SRR — (1Y
RES PLIRTGEES IMF 43 it J A2 5e 2211, iR 215U b o] LL 2B AN+ . CEEMDAN
SRR I 5-3 EmARE TR, BT RE AR T

() FNFFfRERIES R X)), BEiE s N, SRR K.

(2) 5IN K RHMER 0 st Fg s 6,6, (i=1,23,...K), €;(j=1,23,...,N)
N A RUE R A, €6 (0 MBS | RIS T AR . TERSE K AN
55 %M.

X (t) = x(t) + £;6,(t) (5-1)

() MAES x(t) #AT EMD 50, [RE -HESSE IMFT IR
EEA IMR @) R EFS n).

IMF,(t) = %Zf_l IMF1 (5-2)

K (t) = x(t) — IMF(t) (5-3)
@) BofEBEnE j(j=123,...N) WERAOKEESHENARS & (t)
5, 48T EMD i
1 —«
IMF; (t) = EZH E(ria(t) +&,E 4 (6(1) (5-4)

r(t) =r,,(t) - IMF;(t) (5-5)

Ak, IMF() S35 7 A IMF, B ROR6HE ST EMD S #5155 j-1 A IMF

i, € FRME -1 NBRREGES MRS AE RS, [0 RRE IR

f

(5) HEH 4 DI, HEF RES Jikgk8i i i = L H) IMF, CEEMDAN 7 fi#
. I EIRE S X() W

N
il

i

9.

~N

X(t) = z]_“:l IMF | (t) + 1, () (5-6)
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i#id CEEMDAN 7 idof 8 & 7 i R in m IR ALt & v n 4> IMF
SrEAM—> RES 708, IMF 708 HARHE MR AIRIE, AT LR s & 1 R i
BAEAERNS: M RES BG5S HIRARE T, B8 T AERUNIEEES, WTH
T —2 SOH JH JHFti «

52 LSTM JRIE

5.2.1 LSTM

TEAL SR G2 /%% ( Recurrent Neural Network, RNN ) 1, FE7E# K HIK
F )R, B KT, RNIN A DL B 210 BB 15 B2 AR S &R, 330
FEALER A PP HIHE I PR AR NI UM RSO IR R, 4% [ Hochreiter 45 \ P01
LSTM. LSTM M&&idid 5] Nid/Z 5o 130U, A R e /R i 7 51
HKIHOBIOC R . 18] 5-1 9 LSTM M 25 4544

i

wsiks | b
Q : LA &1l
4 I A S FHIZ L Ct it
Ct-1 D @ g
]

b fi 1, g .
FasLAR A ‘ o ‘ ‘ o fﬁﬁ)\\i tanh ‘ ‘ o ‘ it
¢ l | I I ht

A Xt

Bl 5-1 LSTM W% 4544
W R, LSTM AU AT B ¢ AFS) X, B— P -1 |
SRR hey AHBIRGS o, Hath v AT (AP ¢ RIRSHEOIRAS h FI4n ik
A ¢ FEURASEE TR AIRE BARHE, MRS NILIZER. o &2 sigmoid
Bom R, FAmAELAEE) 0 3 1 Z (ARG . Tanh pREH 2 — AR B R2L
FRNE LRG3 -1 2] 1 Z W 7EH
LSTM 2% (% DAL 73 2L 1Z .78 ( Memory Cell ), "B REWS A7l AT i (5

B, IEEEE B sh. @it =] (Forget Gate) A% Al (Input Gate), LSTM
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RERE 1% £ Mg S A 1L IZ BT S B . Fith 1] (Output Gate ) 7€ | 2L
BT —=rf . A
f. = o (W, X +b, +W, h_ +b,) (5-7)
A, Wi F10by REIAN X MBCERFEMmBEDL Wy F1 by 2 b — 25
RS RIBCEFFE MR, 4 sigmoid O K BEA R = Tt f, fh—MA
R0 F| 1 Z A&, R 3l — B 22 MRS B PR AR

i, = o (W% +b; +Wh , +b) (5-3)

g; = tanh(W,,x, +b, +W, h_, +b, ) (5-9)
A, Wi, W B by, by REIAN X IBCEAERERRE I, Wi, W f1 by,
By 2 b ZI B FBOIR 2 AL AR PR AR T £ sigmoid W BR 20FD tanh Y07 R
ORI T o A 9y, sl — 0 B 1 Z I REA—AS -1 2] 1 2]
HIE . AT ST B ICIZ A RRAS, Ak FERR S B IR AZ 4 MR 7S

c,.=f,oc,+i0g, (5-10)
A, © oG, @FBETT, FAT TR L — B ZIBRGEUR S 7€ O T Zhid
27210 B ) BT

h = oW, +b, +W,h_, +b,) Otanh(c,) (5-11)

A, W A1 by A X BIBCEFE MR, W M1 Dy, g b — I 2B
RE hey BB AERE AN m A 0. 30 5 2 I 209012 40 i ) 3 9 4 FH A5 20 24 B
ZIFERUIR A h
5.2.2 Bi-LSTM

Bi-LSTM s& LSTM [)—Fidr T2, ‘& RIS B A e 41 1 T 1 s {5
BE S L M AR HE AN T S B AR AERT . T Bi-LSTM 4K, Ak (1 an th #5 2
LSTM X Ja# 44 . XM E5 K Bi-LSTM  REM% 5 4 s 41 57 51 oh F AT J I 1)
KRR, PR AWK EREREAE ). B 5-2 JE/R T Bi-LSTM HfRifb45H4 .

Hifa) LSTM AIRIRANT

h =LSTM(h_,,x) (5-12)
Tij5 1 LSTM Af LAk F -
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h =LSTM (R, %) (5-13)
(A, Bi-LSTM A Y iR At 1 25 A
h =[h,R] (5-14)

e

~ #ﬁa:lahz = []:’. ];]

i 1271

— b S|
wu P 0000 h,
I

LSTM LSTM LSTM

LSTM » LSTM |+ LSTM

bk SRRz F— B4
AXi NX AKX

o0 00 @9
P 5-2 Bi-LSTM Kb 454

AICEM Bi-LSTM M RES (3Eiia®h, 1ZM%% & T RES [T
JE SR, Ae T R R A R R S . PCC Al SCC #axHEAIR T 0.2 1)
IMF 435 0] DU ZCRME B a3 5 R AR I A R 725 . B T A& i s ik 5
PRl AR S 0 75 B AR B AN ARFAE R D, BRIMCR A LSTM R 25 il
5.3 $2BTHth SOH FHAFESS

AT HAEFTIR I SOH JA MR L 1 PERE, A SCAERL & 9447/K (R) BEE
(TM) i7-8550U CPU @ 1.80 GHz 2.00 GHz. 8 GB W {EAHl 64 fii Windows 10 5 JzE
WRAE RGN B A L B AT S8 5 . B & 08 PyCharm Community Edition
2022.1.3 I MATLAB 2020b.

HEFA R MEENERE, EASSEE R ZORES. BEREREL
JE G FR F ROE IR A 15 it 2 R A U B AR I Bh B A . A S T Hth
HH LA B AR T AL 70 AR MR ST T, X AE SRR R R R RV T . ARGk
06 2RI AT AT ) 43 - BT 7 1 AN A R FH S B FH BT o R SC 1
AT CHARWEE 2.4 75 BRESF A AR S AR R RIS 3.5 75 ARE A
SR PE M, AR T Mo S T E il SOH A TR HESE, x4 M
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CEEMDAN-LSTM. 5T 7 0t, 2258 T dth 25 S P T FF ) B4

Rt GEARTRIC, AR WL TR ¥

PR T LATHER . SOH Ji 1 Pl s 46 A% il a1 5-3 s

RLFE SOH J& 3 7t iod

WEIERRB N, ERREK

| CEEMDAN

BT, #£EE K MESES

|

EMD S RR4ER 2
IMF1 F&KES

HEFMABRERNERIESHIT
EMD 7

REHER
1E&HH(RES
ALIPERE)

CEEMDAN % f25ER%

LR KR EREM SR AR RAES x|

FHER
| FnEmAs

~ A

|

IMFn

IMF1 | -r FIREE
2 =D = T)

N SRR SR

-------- CEEMDAN
L I l No ==
IMFL| | IMFn | | BRZ(RES) | L
|ty 1 : — 2 |
BT e e TR HXBAT S
Yes
Mt || i Mt || g Sxy-02 —>Nof 3%
il { { {
LSTM #&8! Bi-LSTM 12!

| l

LSTM FUM4ER Bi-LSTM FU4ER
[ ]
[ET)
SOH FuMZER

o 2 (Ro)-ROXRW)-RD)
Y (Re)-ROFY (R0)-RO)!

IMF1 | | IMFn JRIAR

flp

K] 5-3 4B 7 it SOH & 3 79 A 42

W 5-3 ATz, ZHESE T EAALRE =N, WA B IR CEEMDAN 43 i it
TR, SOH FHAFM EHELE, PCC F1 SCC XM M. FHEL BRI T .

(1) BLrgith )R

DMARFEH & IMF fl— k%S RES.

(2) i IMFs 5RMG% &

SRETIRMZE NN, #iE CEEMDAN X H 3T/, 153 n

TR 2 18] PCC F1 SCC. &5 34T — M et 4a %

BAET 0.2 IAH L Em BT 75, RARE PCC 1 SCC 4B T 0.2 fRIAH I w4

Ty % 751 RES.

(3) RAHK BT 7 SRR ZE (S T 73 AN R I ZREE T BEE AN R A TS Ao
rliEid LSTM A1 Bi-LSTM #EAUEAT IR, SRJa 700 5E s SOH  Ji T 55 .
e, RPN AE R AT S AN, SRR AR il SOH I As &, Hit& N

KT

3" (BILSTM (hy,, r(1)) +LSTM (hy,, IMF, (t)))

SOH =

A, ho REEWGBEBIRE, rt) RERERES,

CR

T, Co AARAIMBBUE ) B,
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5.4 §BEFH it SOH B HAF M S8
RNTarERE, BT AR (4-19) ) RMSE f8bR4h, 05 D45 iR %=
( Mean Absolute Error, MAE ) F&45HE3% SOH BTN R %, HitE AR T

MAE:%Z”

y-y. (5-16

R,y Moy AR T R SR A R S TN R, 0 T ER R
KB,
54.1 RERBSHEXMED T

LA B0005 A1 CS235 Wiy Nfl, #HxaE M ERSIIARYS SOH Ji M ik &
FFE M 2, SR CEEMDAN 4 Hi it i J5 46 75 5 S 0ol 26 /Al . B000S
AR 45 SR AN & 5-4 AR, 6 N IMF 23 &1 1 /> RES 4. CS235 Hith
fREFREE S NP 5-5 Fios, B 8 N IMF 43 &A1 1 A~ RES 43 & 21 ik

ALLEMLE B, AR T 2-2 AT 2-3 il R UG R M4k, RES #hZkot
T, RAET SRR E B, B R A R A R PR R R B
%1% N . IMFs 2p 53R T 2 B Ak th ZRIE AR 2 AL A RO B iR giiiat, T
AR B Z AR, BT B H AR % RARHE. MECT RES, X
#7r IMFs AMIIRIEIRAE 20600, T HLAT e AU AN 5% . anl&l 5-4 Hh B000S
HIL IMFL 43, H A e O IR EIL T 0, 1 H A B s A 1 2
B R R T 5 o XA B BA T FE R A T R 2 T AR A 1 AN
FEHAE e, BARBENIYE. X PR R K 240 IMF 43 &I A H A SOH JH
SATR AN ARL, DR e AERASHSE g s 0 S TR &5 5, o) o 3 2 91R 2l K 5 T
PEYE AN A

NE RN IMFs 5 RG2S IR A 2 [RIAR G, 25l E i # PCC Al
SCC. # 5-1 y NASA ¥#li#:% CEEMDAN 4y & 5 H JFis 7 =1 PCC 1 SCC, #*
5-2 Jy CALCE ##li4£ % CEEMDAN /& 5 HF4R%5 & ) PCC Ml SCC. W&EFE
RES 554758 PCC 1 SCC ¥ KT 0.94, IS /5L 1, XKW RES 7
T A EFENBRR B,
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% 5-1 NASA 4 % CEEMDAN 7 & 5 HF G458/ PCC 1 SCC

LIt IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 RES
B0005(PCC)  0.0487 0.0223 0.0330 0.0542 0.1905 0.6172 0.9964
B0005(SCC)  0.0456 0.0455 0.0351 0.0860 0.2238 0.5970 0.9899
B0006(PCC)  0.0568 0.0278 0.0453 0.1580 0.1941 0.2810 0.9909
B0006(SCC)  0.0450 0.0301 0.0273 0.1771 0.1652 0.2238 0.9932
B0007(PCC)  0.0259 0.0073 0.0256 0.0731 0.0467 0.5202 0.9957
B0007(SCC)  0.0223 0.0285 0.0272 0.0677 -0.002 0.5128 0.9920

% 5-2 CALCE #¥#5 4% CEEMDAN &5 HJFIA % &) PCC Al SCC

2R IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 1IMF8  RES
CS235(PCC)  0.0701  0.0942 0.0740 0.0981 0.1373 0.1735 0.3091 0.5326 0.9445
CS235(SCC)  0.0740 0.0964 0.0684 0.0831 0.1143 0.1252 0.1496 0.4128 0.9475
CS236(PCC)  0.0524 0.0199 0.0736 0.1035 0.0596 0.1555 0.3784 / 0.9870
CS236(SCC)  0.0302 0.0415 0.0560 0.0523 0.0779 0.0902 0.2174 / 0.9895
CS237(PCC)  0.0607 0.0413  0.0701 0.0106 0.1340 0.0199 0.3040 0.4767 0.9563
CS237(SCC)  0.0290 0.0189 0.0588 0.0795 0.0749 0.0952 0.1661 0.2404 0.9813

PAFE 5-1 B0005 S Hjhif 5, JRMmA =S IMF6 1) PCC Al SCC 733124 0.6172
F10.5970, FIRPIFE Z AN LA B0 ) 2 1 5 2[R B 1y HL AR B A 55 19 590 %
#. MRBAEYS IMFI-IMF4 2 [ PCC Al SCC ¥ T 0.2, IMFS B4k SCC Ay
0.2238 {H;& PCC ik T 0.2, ZF&UIHFIAA EE IMFI-IMFS AR ¢ Rk
P RARFSIR N . W1l 5-4 B, IMF1-IMFS gHZR BT B B RE, XU e
IHE21 T B0005 ARSI mMAREE. HE, HTAERERAMR
SEFIBEALIE, XL I P S 2 I TR AR DG, AR 4 R 0 T 45 SR

H T 25 i AR BN BRI, K84 IMFs 7350k DG HH v 2 12 Tt 1
ARMEE, A SCE SO R IR A B AR G P a7 4w il i 4
REANZLA, ASCiLFE PCC F SCC #XMEIIRT 0.2 HIFHR S5 5147 SOH
T, REiZ IMF 5FI5 &2 A —EREAIEMBIRR, AF 7 —ENaEFEER
THaHA o X BRI BE TT LAY 25 5 AR S RS IR A, PRI 25 i A v 6 SOH. JA
HATIUIN ) 7 T2 . L BOOOS A1 CS235 Ha it A, A8 0oy Hilik % H AR B BO0OS HL
i) IMF6 A CS235 L[] IMF8 73 & . 8] 5-6 Won 7 ANt & 7 T A E AR
I ETESS S LY AR o
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(a) BOOOS (b) CS235

Kl 5-6 F g5 B AR AN B RS T A R Rt 2

TEE 5-6 1, Res HIZRA Ak e 7 s ith Y BB A i 3, (05 IR SR AL
R AFAE—EMWZ . 7 RestIMF6 HiZH1 RestIMF8 NJ9E# #%1E T B0005 Al
CS235 Mt JFs A = £ 2% BRI, it CEEMDAN fEREFIAR DS 7 #r i #2 ]
P2 B f it 2 A AR TR A B A ARIE R AN SR = TR A, BRI & F AR B
2, A% SOH J& HA T .
5.4.2 SOH B HATM &5 R

RERFFREH, BEST H i) SOH ToMIAS B2 2> bl 5 1 1 J HA R G in i B fiC . >4
— KPR T A B, S FE R R B . SRS i dR , ES I —E
DB T B IR 5, B0 27 bl o 22 DA PR 3R A, PRIBLR A 1 4R T R
Z AT R VA 2-3 CS235 Mt ], ik RS A FE WG B, R LY
TEHAEH I A =B 35 100-400 7HFF IR & N FE221, 3 400-620 JA A&
IE R BG5S 620-717 AW, Zxa il 2R . MR IR R R
AR A — Bk 25 2 B HE R (Y SOH TR s ekl itk . AEATE o, 454
SEBR N TR A TR 2, AR SCR A BRI P 5 AT BLE B SOH. Fill, I
FIH A N 255 9 36T 42 R K A 191 SOH Tl . &I = T-41 it SOH 1IX T 80%
i 22 SRS 2, A CALCE st #a 48 SOH Hif 79% HIAEREAT SOH J& Hi T
sz, ik, AT SOH AT, CS235. CS236. CS237 [ =tk Hijth I f53F %5
3N 575 516+ 587 IRKAEH

EEXPER B g SOH JAMATION, A4 th I AESE 9T Bi-LSTM [ 45 Al
LSTM SR T 7575 . Bi-LSTM WIZ& Tl RES, Ay HLith 32 210 25 B 20
# . LSTM W& TAH DG Sl 17 41, HAE T B s, v LUA A0R%h RES
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FE G758 5 2 T I 22 o SR RSE 2 20 5% 50 (13 3 & 00 SOH, DA F 7l
M2 EEAE NS & N, — KT 2 2 SOH. 7E NASA #di &, 1
HE IS J9 168 Ko 457 ¥R/ T 50% (84 YRAEHRJE ) I, S 8 AT
N 205 Uy sEEEE SRR, BT AR AN . 78 CALCE Ht#dE4s, M1
R A BOROE AR R 24 S BdE /N T 400 JA 3, #EATAE A BT, KR
4 50 B 1005 47 S EAE KT 400 W, AT /KRR . &5, PIAMEREALT)
SOH Tl FEAT AL pEAR TN, LAIRTG A £ SOH Tl 45 4

VO E Pl OIS B DR SF . LSTM 28, LSTM [/ Z4EfF 2%, L
B SOH JE TN S B 25 5K o SEg R I, EEUR I A B R RCRIR T, X 5RHE
BN T BAT K HLIN RIS TR R KO o B Z3@ i Xt L 0, #4538 1 W 4 S 40U E
% 5-3 N LSTM Al Bi-LSTM W& 3.

# 5-3 LSTM Fll Bi-LSTM M4 &%

AR R RH FAR FOBURZEE AN
LSTM 1 250 0.001 64 1
Bi-LSTM 1 10~50 0.001 32 1

N T L SOH ST 45 R an il 5-7 2K 5-12 o WEIT AT AE
LA S 5 AT S PN 25 R A AR A & LA & T RS, Il TR SR
AT TEAERAE . £ 5-7 2 5-9 o, XFFAER 80 AN T 4n i e B S T 45 2R,
HT A EFFIES 87 NN G I T BB A EHANS), XM wEshg s
fiaaET, FRAEZ 5, ks FAbSs R LA AR BRI 2 . AN, 4
R RE P — I AT A R R AR S, T2 RIE R LU AR ), 5
H—%. W1 CALCE #dafk thBUA & F A p R M sh # e m, N BB A A
A FE LR AR AR, SOH Ja I Fil AT Bl 7EK 5-10 & 5-12 71, Fir
B2 H 7 3R RO SR A R0 S0 U0 A ] S0 000 #4819 B IRk 2 i AL, 2 WA R TN S
. 7 Br SOH M, FrFEtES AT LALE 7 S #dfa S 118 DL 245 R 5 A
) SOH FMIKEL; =01 SR I, SR 28 th nlSRA3 BOMAS B ) FL it SOH
A BATONAS B, ST & SEBE LT T o 27 b, BT ERAE S AN R EHE A2 AN A [R] Tt
JE SR B AR R LAHAS A 2% HL R S ) SOH F1N) 45
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NEVEALEL RS H it SOH FATIIITERE, R 5-4 1L 5-5 73 51 H N4
P4 MAE 1l RMSE f6kr. MW 5-4 A 5-5 iJLIFEH, MAE i KMEHN 1.66%,
RMSE 5 KAE K 2.02%, ZBA T RE PR Ak o FROIARE 22 B AR 4 37— BB A DG 1Y
EAT A, AT RESRIG AT SR 45 R . A CSCHE AR SR AR K2 AN 2 s A
ILGRITRIN R 46 25 75 5 A S AR TSR, T DASR A T 52 SOH J Tt 25 5

# 5-4 NASA a4 SOH Fi T 45 5K () MAE A1 RMSE fii 475

MAE/RMSE

60 70 80 90 100 110 120
B0005  0.0021/0.0027  0.0115/0.0129  0.0089/0.0118  0.0049/0.0067  0.0058/0.0072  0.0074/0.0089  0.0050/0.0063

it

B0006 0.0065/0.0073  0.0170/0.0203  0.0144/0.0202  0.0071/0.0098  0.0134/0.0175  0.0122/0.0146  0.0086/0.0124

B0007 0.0032/0.0035  0.0077/0.0108  0.0067/0.0106  0.0115/0.0138  0.0089/0.0100  0.0057/0.0075  0.0084/0.0093

% 5-5 CALCE %4 SOH Ji M T 25 SR i) MAE A1 RMSE f&#5

MAE/RMSE
150 200 250 300 400 450
CS235  0.0082/0.0134  0.0091/0.0114  0.0090/0.0105  0.0062/0.0071  0.0108/0.0125  0.0073/0.0092
CS236  0.0049/0.0059  0.0066/0.0080 0.0047/0.0052  0.0048/0.0055 0.0100/0.0119  0.0094/0.0112
CS237  0.0067/0.0084  0.0099/0.0110  0.0044/0.0050  0.0061/0.0070  0.0166/0.0200  0.0088/0.0104

5.4.3 5% IMFs B EATIUN SKIG 45 SR EL 3R

R T A GBS —RRAREHEAES, HAERELENMENLAE M
PR IR, HL T R ] VA B SR D B R R AR T A T IR R ]
SRIMESERR ARG Y, WIHENR RS, EANRR 2 A RAME - P I8, 96
MR &, AR A RA RIS BRI . 18I EBRASAHOCH i1 e 41 (A &=
A SR A & A AR R E PUgiR L), IBRIGEHRBF IS, BRSHN.
ik, S5EGH SRS - TIAR L, AHERUR A 7 /D) IMFs, AMUIRE
1 SOH JAHTMAESE (5% 1M Hoadk b /A B A S IMFE 73 & & EEBE AL E 1
TIDHG AR o 2

B0005 Hijtufll CS235 Hijth IMFs f1[& 5-4 1 5-5 fiow, 435009 6 4060 8 4. LA
B0005 FELb T 60-80 J& JHAN 90-168 J& 1, CS235 Hijh il 150-200 Ji& JH AN 400-575
JEIAAB, R AR HE SR AL e 1) 4 IMFs 2> B T A T vk e . & 5-13 A& 5-14
435249 B0005 Hijth Al CS235 Hijth 1 IMF 4 & 5 4% IMFs ) & SOH Jil i Tl 1% e
XL [RIA IR AN T A B AT MAE A RMSE 4138 5-6 iR

it
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% 5-6 FTRMELR 544454 IMFs 40 &Il 455 T FER DL K2 MAE/RMSE %t bt

. Y55 TMFERS /s MAE/RMSE
SEMLEN
. All ‘ All _
TRAEY P IMF RES AL e
IMFs+RES IMFs+RES
B0005/60-80 24.24 14.48 159.92 38.72 0.0065/0.0084 0.0021/0.0027
B0005/90-168 44.53 18.65 285.83 63.18 0.0095/0.0120 0.0049/0.0067
CS235/150-200 67.26 6.60 544.68 73.86 0.0121/0.0163 0.0082/0.0134
CS235/400-575 194.36 14.53 1569.41 208.89 0.0110/0.0130 0.0108/0.0125

SOH (%)

—— B0005 SOH: 60-80 Jil
—— RES + ALL IMFs
—— RES + IMF6

0.78

SOH (%)

—— B0005 SOH: 90-168 fij i)
—— RES + ALL IMFs
—— RES + IMF6

60.0 62.5 65.0 67.5

70.0 72.5 75.0 77.5 80.0 90 100

TEE R
(a)

110

120 130 150 160

TEEL R
(b)

140

5-13 B0005 Hijth IMF6 54 IMFs 43 & {17500 4 G ot b

—— (S235 SOH: 150-200 J& ] 0.90 —— (S235 SOH: 400-575 J& 3]
0941 —— RES + ALL IMFs —— RES + ALL IMFs
—— RES + IMF8 0.88 —— RES + IMF8
0.93
0.86
g &
= 092 = 0.84
172} (7]
0.91 0.82 1
AV 0.80 A
0.90 A
0.78 A
150 160 170 180 190 200 400 425 450 475 500 525 550 575
T34 FE 3 fEZNE R ]
(a) (b)

5-14 CS235 Hijth IMF8 54 IMFs 43 i JA F0 14 i of b
4iadk 5-6, & 5-13 F1 5-14 25 KFE, APk SOH AR 2 b T1% St
4 IMFs 43 & TAE LG, AU ZRS TOFER B OCIE BE408,  B000S ZEHi7N 432
Fli A, CS235 4k )\sr 2B/t [FETTE MAE Hil RMSE fi45 | SOH J& #Ti
VERETT 4T o B0 T B S 1) & BRI AR A 1
5.4.4 FTRMER S HEHES SOH FullELER
N T R A G U SLSOHE SR E AT B T SOH R WU 7 1 1 s b R, 5
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AT AR R RAE SCT T 1) IRt 75 ik AT Lt (RATE CALCE #dE4E ik AT

fERS SOH JA AT A8 SCARH /b, B AR SCIRINE A OF0 TR0 K BEAS AR TR,

AT ELAE AR ) - NASA i85 51 F VPARS], CPR-PF-ARIMAP), CEEMDAN-

CNN-Bi-GRU™, EMD-ARIMAPY, VMD-GPR-MCP2I3L 5 Fgydaxt b, %f bugh 5 an

% 57 fiR. ATLAEMINESR], 5454 IMFs b ETRIA L, A SR iESR iR itg

e IS B, AT R 2 HOLMAERR, I0IE T AT HESL & 3 5 vk 1
# 5-7NASA ¥4 SOH J&ATIIIA 7] 77 7% 1) RMSE AL

FIth it ol 2 p RMSE
VPA [88] 90/100 0.0104/0.0128
CPR-PF-ARIMA [89] 90 0.0169
B000S CEEMDAN-CNN-Bi-GRU [90] 100 0.0104
EMD-ARIMA [91] 90/100 0.0195/0.0075
VMD-GPR-MC [92] 100 0.0196
AT 90/100 0.0067/0.0072
VPA [88] 90/100 0.0169/0.0118
CPR-PF-ARIMA [89] 90 0.0146
BO00G CEEMDAN-CNN-Bi-GRU [90] 100 0.0115
EMD-ARIMA [91] 90 0.0285
VMD-GPR-MC [92] 100 0.0194
KR TT 90/100 0.0098/0.0175
VPA [88] 90/100 0.0289/0.0313
CPR-PF-ARIMA [89] 90 0.0129
CEEMDAN-CNN-Bi-GRU [90] 100 0.0081
Bo0o7 EMD-ARIMA [91] 90/100 0.0113/0.0094
VMD-GPR-MC [92] 100 0.0195
KT 90/100 0.0138/0.0100

5.5 RENLE

A& FEAY CEEMDAN. LSTM. Bi-LSTM ({5t 5, F4t—MET
CEEMDAN-LSTM HEZL [ 48 851 i jth SOH F HAT J vk it de it TR B H A
W B m AL AP BB e, SR CEEMDAN fAB 2 & ik, i fl Se it 2 Hr 4
FEZ RN S EHAERS) IMFs 7p & . R Bi-LSTM 1 LSTM 435l il RES Al
MBI 75, SEMAINRG 2 SOH F M 45 H . @it 54 IMFs &, H
fib TS B, B8 E A SR AE SR AN R OS2 I 18] 1T LB £ f1L 58 A ) Tl 4 4
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FoE=E REERE

6.1 H&E

BB B T VA P A i A R IR AL AR ZRMERr i, A SC DU 51 L SOH #E
BTN A 78 B bR, AN A EIERADITIH . —J7 [ 2 N FRIBAE A 2 A 2
ZHRA RS B MiE HI, SCIAER AT SE) SOH fUFilll; i —J7 2 VE4H 7
A 7R A AR A B AR R AR I R R DA SR, SEEMERA T S SOH K]
IR . A S EARSE R AR B SR

(1) X HEES 1 it ) B A G5 A A0 AR SR FEAT A2, i i it 1 i A =R ik
HRINAMNTE R . 041 T NASA R Bl di il CALCE st EdE 4, 2] 1 Hit
25 B TR ik H 2 15 25 5 P AR I B TBOR I o AN S A R A 2 R ) P R A P A A
FE T T A S B A B 1 R AR R A

(2) Ll B b E A 2 B R b R s R . HER L IC b4 DA K He Fe s
4, MM PHESR T AL ], FZIRAE N A 8 R A i R HIs, JFidE
T Pearson A< R ¥A Spearman FH % 2 ¥ E 20 #r HI FIA R .

(3) HE T HIL KGN 7 i 5 2 B IR A ARG B HIT RRAIE 53 A0 A2 AN R 20
WIEA A, 80—l S A AR e A 145 2Bl SOH i Tl . #2 ) IDCNN-
Informer HEZRAE BTN SOH, SR FH A 7] 5 81 FHEAR X o ZAEZE W] LAR] I F31 - 1DCNN
I HT IS [R5 A Informer AL R — I [AP A& . EIMAUZ TSI NESE A M
RMSE, RMSE 545737 St 1 PR (AR BAIE SR ENR 7 o @S H A T 4T 1
PSR AE SRR IA FOIAE 25 b O TR 22 o S AR &, PT A R v B B HE
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