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Overview of state-of-charge estimation methods and application for
Lithium-ion batteries

Cui Xiangdong' Huang Yanqi' Wu Xiaomei'**"

(1. Department of Biomedical Engineering, School of Information Science and Technology., Fudan University,
Shanghai 200438, China; 2. Academy for Engineering and Technology, Fudan University,Shanghai 200433, China;
3. Key Laboratory of Medical Imaging Computing and Computer Assisted Intervention(MICCAD of Shanghai, Fudan University,
Shanghai 200032, China; 4. Yiwu Research Institute of Fudan University, Jinhua 322000, China)

Abstract: In order to comprehensively show the research progress of the estimation method of the residual power of Lithium-
ion batteries, this paper reviewed the relevant papers and patents in the databases of Web of science, cnki, the patent library of
the China National Intellectual Property Administration et al since 2013, and summarized the mainstream estimation methods
of the residual power of Lithium-ion batteries. This article summarizes the estimation errors of commonly used direct
estimation methods (ampere hour integration method, open circuit voltage method, and impedance characterization) , methods
based on equivalent circuit models, methods based on electrochemical models, and methods based on artificial intelligence
neural networks for estimating the remaining battery capacity of Lithium-ion batteries. The results show that the maximum
estimation error of ampere hour integration method can reach 15% ; the maximum estimation error of the open circuit voltage
method is 12. 4% ; the average estimation error of electrochemical impedance spectroscopy is less than 3. 8% ; the estimation
error of kalman filtering method is less than 1% ; the average error of particle swarm filtering method can be less than 1% ; the
average error of the method based on electrochemical model is less than 2% ; the average error of neural network-based
methods is less than 2% ; the maximum error of the multi method mixing and multi parameter joint estimation method is less
than 5%, and the average error is less than 2. 5%. The results indicate that the kalman filter method has higher accuracy and
is easier to implement compared to direct estimation methods and other model-based methods; the method based on neural
networks can obtain more accurate results without analyzing the battery model; the mixed use of multiple methods and the use
of multiple parameters to correct the estimated values have further improved the estimation accuracy. This article also
compares and analyzes the estimation accuracy. advantages. difficulties, and applicable battery types of various methods for
estimating remaining power in electric vehicles and implantable medical electronic devices. It clarifies the specific application
plans of estimation methods and looks forward to the development direction of estimation methods in these two fields. This
article can provide comprehensive and detailed information on the research status and development direction of Lithium-ion
battery remaining capacity estimation methods for researchers and practitioners in related fields.

Keywords: Lithium-ion batteries; SOC;electric vehicles;implantable electronic medical devices
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Fig. 1 Classification of SOC estimation methods
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PSO™ Bk GA —FERRIE & R e Ak 53 1, mT LA fie
BRAE TR, SE I A S 0 T IRl — B GA B4
/NG . PSO 83k 8 % S B KAT R I S AT 0F 5T
B3N, PSO B LM 41 4R 16 25 Rl BEHLRL 7 (45 Rl i) , IR
TR S R ARG S O A Y e AR A R B B kL
Mt . PSO Bk WAL G AGE BB o AR 5 SR 0 1)
BT A A, A SR O T B U T A AR T TR B R
BEALF 1 A0 B R0 (8 1 L 0 1 e R T A9 o
Fraftn,

TR A R RN

o' — ") (23)

=t ot (24)

Hor e I RE a,., ZERO~1 MRE. HAR
FiEE (23 CORWATHE 555 BT R .

PSO 53 H T 55 80 A 8 B ot B i R 7 2f AT
IR BH U R, R, F1C, . i& B R BT H GA
A9 BRI R K K G T,

PSO B3k I8 F i vl 1% 22 A Ak m) 8, 158 i 4, w]
TR I SOC fhiiHid B2 i S B e SE e 15 5 R A 2 —
M TFSEAG T E T B .

3.2 IRiK=E
i 3 S HOHE R U A b A5 R B AR AR TR i A DG S

k k
= " + ca,, (X,
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B2 J5 T DA FH 8 0 O kR B T vk 0 2 A A F
B LIt SOC (kAT FR M,

D RIRZURPFE A KF

KF 2% S i 2 e F i 5 ik 2 — . KF 4
AL BREPE ZR S8 b i o BT M R, 2 — R R bR 2 00
. M 2009 ~2018 4, SOC M A KW 5T P KF 7k b
40% . % KF LAA R0 28 7 %5 o7 7% . HoAl i 07 245 PF
FIRI S ) 46 25 )7 vkt 53 %1, 2019 4R J5, 4 d
SOCAHEE DR iy 54% i F§ T KF (48 3t 804 sk R+
IEEE),

KF AU 5 AR A2 1] DL R GRS #H T8
b, BRSSO 8 TR LB, BN ZAR i L it
BHAE B IE A SOC fhH .

IR Gk A AR RO Jr AR 1T i 2K (25) R, Hip
X NRGWAE.Z, NRGHIE,A B NS EHINA
MRKSEIERE, H WEHRIERE, W, \V, N RG T RS
0 08 0 e 7

X, = AX, , +B+W,

Z, = HX, +V,

KF #47 S A Al 11 308 X (26) ~ (30D, @ MR 433
R 2R G T RTULI R b  2%

SeRI A E—RE BT —RAE .

(25)

X, —AX, +B (26)
T 2%

P, = AP, A" +Q Q0
TR RIR S

K, =P,H' (HP,H"+R)"' (28)
BB R RS R

X, =X, +K,(Z, —HX,) (29)
T —RER P Ty 2 .

P, = (E—KH)P, (30)

Hp, E s i e, X 28) THRAF 19 R UK 2k 2
B 1 p 2R 48 5 T 4 2 3R 5 0L 45 R il 5 5 X (29)

Sy KF WALt B, Z, il (i, HX, 2 h 3R G0k A o
X Z o WAk A, 3 AR S B0 I FT U 0 1E B 2= R LR
IR 2 3 25 A5 BB A A IEEDIN B o R GRS Oy R A
T i 1 BT 25 ) R e Ak

TERE S SOC 1Y KF H57, R G0k 407 72 i %55
F R A 2 (8) R SOC T8 (1) 21 & i i, J 0 B 32
NN

{Uﬁ.k:l_ eig 0 {U/ukl:|+ (I—e DK, I
soc, o 1l lsoc,, _T

(3D
H, T ARG, « 8 RC HFTAF IS4, R, R,

C, MSHEHRGE,
ORI A A P 0k A 30 4 g L T AL A5 (32)

dUr)z} U/IJZ
U= |— — IR 32
[ 1 L , (32)

dU
-z
EEEER

A (31D Fh HL e 7 8 22 I B 20 i 3 4 4 R — I 240
HL R SOC B Al T ol A2 (32) v 45 21 0 ey e 19 £ 11
L SO0 0075 380 1Y i H, TS A 55 A8 T 10 s e, T R A 210 08 I 4
K22 3¢ AR JR 2 0 15 49 210 X Ha 1 15 19 8 1E 1, KF 19 7E
F AR LASE I, KE X5 B 35 0028 A3 1 SOC 5 5L i
FriEn, (Nt KE BORS BEH & T2 i ARUr ik AU KF
PHAT SOC 3 ft K22 MAEs K25 3% . KF A% A #F
FEAE I3 T TR DR i ek e 38 B Y B R R AR = A A
BT, gk R R B 8 I (linear Kalman filter, LKF) i
FH R R PE B 2507 B A R Gk A T R e T LI R A
A L Yy ), RE A6 BR i e /N4 D7 R 255 9 R R /R 2 I Dk
(extended Kalman filter, EKF)J& LKF [ 3E £k M pA , fif
FHZE M HEURIT ZR 58 75 8 i R 4 U7 R et Ak o &,
WD T H TG SOC {BLAS W= 1747 O 1 12 22 s EKF PR
AR P (L S R MR P 1 b 22 O — [ A BRI T AN
BIAG BE, B & N YR R R 2 38 I Cadaptive extended
Kalman filter, AEKF) """ il 32 55 1% R Py 2 S B e ke 17
X — AR, 2 = A LT AR e M 8T R R = 3 % Cunscented
Kalman filter, UKF) ffi F Jo il 48 #e 1) 75 % . k52 T EKF
At R A 2 M 5 B 9 2 M Ak Jacobi JH BE , AR R i SOC K
B B R B R T R S

AR REE T KF B SOC Al 77 15473 A1 8 ek J7 vk 42
L B Y KF J7 56 Al e KRR 22 TR T 1%, Jiang
S5OV T A N B AR O3 R L RIE T KE 3R P
05 250 AR 7 s He 2657 75T 23 B0 S5 5 1Y A o
D24y KF Al it SOC, o Xf M 7 B A MR I 09 & B o
Shrivastava 285542 14 3L T X058 B A F 19 AEKF F LA 37
H AR AR S 280, FE S5 1R I W0 46 25 1R T B Al B B
SOC {H 5 #7545 SR F A5 B 7258 388 5 R 1o 388 4 0/ — 3
BEHEAT Z PR, IR B O3S N RR R = R A
(adaptive cubature kalman filter, ACKF) #47 SOC i %,
FOA B B KR ZAE R [ T8 F /T 10596 5 T R b 450 %
/N Z e B HE R — B RC BERY 244, 45 & UKF i3t
SOC fi . fE 5P iR 2 48 1. 08 6 ZE 4T

) KF J5 i B8 40 58 3 , 8 M AH DGO 58 & 1) 1 8%
KF 5 A Jrik a5 4, sm A 2 & 865 fh 1, LU & il
ARG BE XL R S E R U A

)KL T I I A% PF

KF fg % AR 47 b U B £ 1 R 45 b 1) e 30T MR 7 L (LX) T
oAb 2 7Yy e 7 5O . PE Y V6 R 32 T8 7R 28 B ) R

o A7 o

AT 2 ) Fi R 1 OCV-SOC 1y 3¢ Z& 1ith
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fil, BT L FAE LM R0 4 7. PF Bk H
REGURA T REAWMN Jr #25 KF [FRR G M32) ., &4
75 A PR 4 i AR R R S ASE TR O R A T b Al R X 2
RS 25 R AT REME . PF R (0 A 38 40 A R A 3 45
FHE R G S 56 A S B B L i A DU 37 3 e T A5 #)
Jii U6 AR R B L MR 8 R 9 DR AT A O T AR R R A AR
B IFFEH RGNS, PRI E SRS B3R Bk
I 5L, R e R T SR AR 114 3k T R AN /N 9 R, R B AL
(B K BB, 45 AUE B R 35 50 4 A LA AR e 73R 1k
[, A PF AR SOC My BT .
U,. X

SR WERERESEN X, = {socj sy A H
KGO GDIEATN o, BIAE ., PR R A EE 7R 0
DU BT o A bR A (B b 5 BT R 7 O ok B (s | = 1,
2,0 NV, BEZAS B R F8E (yv) | i = 1,2, N},
o, N h A Rk TR

B RE AT il (33D e CEBL TR 1),
F ISR T3 R BE . AT A AT 3R o o Sy 000 1 7S R
2

i2
Gp=yp)
P

} 1 —
P = (33)
e < ZTra)e
H—A R E]
g = —2 (34)
E,Zlq’k
i 11 T A
N
0= D ziql (35)

(33 BEPEH T A48 B B, 45 18 T %0k 7E i
HE BT L A AR E TR B B(E TSR ORT, BRUK £B
5.158 PF AR .

PF %3 SOC M3+ 552 7% i 4 v, 7% 22 At 77 122 1 B
fifp L 1B Ak AR F 22 FE M B = S ) R, AR e 2
I GA B Pkl 738 Ak n) B, £ FH O 3507 B e 3
RF 2R, A3 SOC 1 it KRk 22 MAEs f£ % 0.89%;
Xu SEVH i PSO B B AR 7 R AR A58 SOC By %
KiR2% MAEs FARE] 1% 42 F .

4 ETHRUFERNAZE

4.1 P2D1EE

A5 PR AR TR R A DA H S 1Y L 27 3 0 2 O L A 3R v
LB 2 R L LR S RE M A S I P R Y AR Ak A R
S5 i FH R R I 1 o AR B T B A R K R Y 48
EH AR, Ak 2E R (electrochemical model, EM)™M
A HEL B AT S A R A3 AT A TR IR T H b Y A% T
FEME O SOC AN TR AL T PR AR M . o T X4 it 8
PR EE ¥ AN T R HE AT A 48, Doyle A1 Newman %31 H T £ H

o 48

i B 7 — 4 H Ak 2# AR (pseudo-two-dimensions, P2D) , 4l
6 Fi7R . P2D #E R AE U322 v BT 7 1) [ AH A IRCRH 1) B
o B Jo e < O AR DA R R R LAk 2 R Bl T AR O R
AT UEGH A AR B M AR AT O L RS AR 4T S i Lt Y
HBIE 7 VR BE A3 A A DR A DA B R A A Ak S R L T ARG
B, Ho, x WIS W, r AR TTIN, ¢, A
R IR, o, AWARE B FIREE, D, N BARA AL
PR o, NEHBHE, o HEHEAEZZHE, 7 K
TEAH A PR, e, HRAHIRFR 2B, F ik hi s w4, 5
RER R EERiE A, L AR FIERE R, AR,

- Sk

KR EA% +

FEOR
FECR

El 6 FHH P2D B

Fig. 6 Lithium-ion batteries P2D model

Wz 2 B, P2D 8RR ZOR i R E My L &
RSB TH P ELE A, 5 82 S T 48 ) R &
1k P2D BRI A, [R) B 07 47 JLASEH0URE B2 AN R B 19 7 k5 AR
F kA AT IL B R A R F (single particle, SP)AREAL | 1 5
Bk T (enhanced single particle, ESP)#i K £ ) ¥ 41 &
(multiphysical-coupling, MC)#ERI | 33 $L ffiy f AR AU g 35 1
T P2D BRI SR SR i . ARE SERR TR B, IR BEAE XS
T 4 fRT AR AR AR 0 — 2y Ak, JE R 3 T R 1 4 B
HA Ak 2 455 B R 0GR 3 2 Y T Ak P2D A AL (simplified
pseudo-two-dimensions, SP2D) , Ji /b T — 2R3 43 77 2 1 5R
fift MR AT E Y 7.2 s ML FAEG R P2D RS T
91. 5% » VTSR BE 451 0 AR A0 s XIAE 5 48 3 T BObL 7 A
T Xof VR AH B e BE HE AT AL 1A, KR R R A T
et P2D BERLTHE I A 99. 7304
4.2 BUFERBME SOC

eSS AL H v ) B dh 92 I 8 Ak, 75 DA S IR SR 4
FI) (1 v e H5 AR B R Al 2 R Y 2 Bl [ A AR Tk
JEE A2 A H A B T R R ORI H A B R B 20
NSHEAT) o AH R IR A BRI T R A
BE R KLl i 2.1 WA RSB IRSE
EEHEAISHL,

i 3 43 A AL A R R L T N S EUS AR 18 AR
BT B IT I SOC, A W Ak 24 85 84 vy, TE A A AR 1Y
SOC 43l anX (36) L (37) i o
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®2 P2DEBEREAE
Table 2 Control equations of P2D model

Py R xR
. dc, D, 2 dc,
R R i < 4y © D7
de r> dr ar
. . d(e,c,) J dc, 1—1¢f
3 = Wary (=] _ 7 Tle . Li
A I < et = (D S )
_ J o, ,
A4 P 7 < 1 7 7—( )=
dx ax
. J (79;)‘ dJ aJ
3 e =) (et ¢ et e ) — L
R TR W P <IC Ix ) Ix (KU Ix Inc (,) J
_ “ L . a, F a F
BV ijjjijj%% ]’ — a,l, \exp [ﬁﬁ} — exp [7 ﬁ??} }
A2 4 HL I i = ki Conpomer — Corpoi) (Cony )
i 17=¢ —¢. U
N R,
FRL b o L P VD) = g (L) —¢.(0.0) =51
SOC. = Cr = Cono g5y RTRPIESLALZEAT A 05 A G T W RO R A A R
L o — Coo ) P T S B R ) i T AR, B AT 37 SOC 58 A
SO0 = Crn =G a7y PR PRV G S YL DGR L RN B 2
o Commar — Cano

Hep, e, M., AIEAWNERBEMHEEFERE, c.0
A ey RIEFRY BTG BB FYREE ¢ i€ ovnnar A
SEAYBUR LR U BE . IE U SOC S 3518 4 HL it
iy SOC:
soc, +soc,

2

28 KRS, P2D #5080 Je 7 A A5 Y ) 1450 i) 2
KR FEA , AT 8 FH T 52 Bk 100 AR i 8 e 3 SOC A3, I 4E
S A FH H AL SR AR B SOC MIBFFE A 7 BRaE , Wu 2077 3%
T B R P2D AT PR AR S AR A R 30k LA
e AR 2 B0, % 3 b B FR 43 B 4> (proportional-integral-
differential, PID) WL 254458 SOC, F K15 25 MAEs ik T
1% ; Wang 45" 3 F O T AL 2 B8, 8 PSO #9k 3t
BRI B S8, S 800 T PF B I SOC, |k
2% MAEs R T 1%,

TR ALEBR SOC fliit kR T £ 58
A A T DA SRS B A DGR 7 iR TE SR U 4

5 ETAIERENAE

N T RE UG JLAF ok Kot & g T 2R i T AL e bl A
o) VR EE 2 o S 2 I 4% e A R T0I R t f H O T
ARG F B, B2 2% 1 O ik [ A AT LR T B R vk
SOC A%, M2 2% 19 J7 A B SOC, 2 Jo i 44 g K41

SOC = (38)

TR R R LGPU By 2SR vz B 2 ) o
P Ry S Y S R T VR 2 O S R DS B R = Ay i S
B PP BEAR SOC AR 22 . AN TR BERY N A H
W SOC Al 7 17 2 T 8 A9 A= HL, 2019 48 2 )5 09 42 HL b
SOC AGFAFFEH 229 06 BIWFFE T 1 4 22 X 28 A1 5T 3%
5.1 HIRMEM %

i 5 22 W 4% (feed-forward neural networks, FNN)
BN R G — A 187 55 19 N T p 48 W 4% Cartificial
neural networks, ANN)"" | FNN &5 # & 7 fras, —
R AL A5 5 A2 i 2 A 2 A BROEUZ A S S 5 R
JZ IE 18] 4% £ , 38 5 FCEE 7R T s FURH 4R J2 2 (8] % BE S £
SSJSE THIRRIIK(=IN

FNN () 500 i Bt 2 — A% 3 5 BT 7 70 2y i 2 .
FLEh kgt o, 2 5y 92 Bl A T A A it SOC A 5. Tsmail
SFUUMH FNN i L S SOC B 1Y 56 R FE 1T
2 000 KN L5 . RMSE Ik = 1. 614 8X10°°,

I A R 4 M 4% (back propagation neural
networks, BPNN)J&—Fi i 5 ) NN, H iy S iy il
5 OCV-SOC 5 Z i AL, n] 4 L B SOC ff . Dang
S5O0 P A5 A0 B S TR A R S 1 52 45 1 1A o7
] ( controlled average,
CARMA ORI Z 4 77 18 (i FH RLS e RAE S8 LRI
FEEH . OCV 1Al THE A BT kM3 Al 3+ OCV 1
w2 BPNN B4k, 52 OCV-SOC X R ELR, 78
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auto-regressive and moving
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Fig. 7 Structure of feed-forward neural networks

Al SOC fE, FHiR 2% MAE 4 0. 332 5
1.237 8%,

FNN 544 a7 58 JE0 T HAT I 56 3R 09 B0 Ak B e 07 55
55, HLA R BE UEA T I W S350, 25 5 B A R
WA, RIFFEEE AT FNN KRS MR S A R it
4 Tr R A I B I RR B H R BTE CGIRULT 2.1 A1 PSO
O R 2E LS BT B AUE TN v FE S AT 00 L Al AT 3
RN 3.15% .55 BPNN B EEA FLIRTH T —1%.
5.2 REZIAE

TRBE 2 2] W VR AE bR A% e 1Y 4 3 45 4 28 I 4% L il
AR, LRGN S M M S 2 T — R
LB B AR BOER AR B P 0 R AR, 78 RS R

0 I RiR2ZE N

L]

TEIR G5
a2 h D I —
HA

J AR T SRR . EHE L SOC Al 5 IR EE A% 2
75 ik AR BE S AR BUR T A5 58 SOC (8 B9 R AED , oA RS B
T B P A AT T AL A S — 2P 4 v X
T B RO A B W T R E A

D& B4 il 28 1) 2%

115G 25 4 25 W) 2% (recurrent neural networks, RNN) {E
hy— R RBE 5 2D 7 vk R T AR G 4 3 HE A 22 P 45 R R
B IS T OC FR TR, SOC A 530 16 i A it 8000 S
B[R] AH 5 77 3] PR ot 55 JE At 90 4% 45 R A L 5 M T BT 8 i
AN FTZR I RNN 7E 177 1 B A — 2 L% RNN HA L1
BT RES Ak A7 by s R A AE R O S B R, AT 2 Bt
S L BN B R] 5 0 R AE AF B AR B

R A

> —_—

558

B8 i R ph 22 W 45 25

Fig. 8 Structure of recurrent neural networks

RNN M FUE 2 3 =200, 55— i 20 /Y AL M8 i Jir A I )
e g L 2 B 2 K, RNIN G % 2k BROCK: 0 4 st o
FRLOAREHATRIF A E . 5l AWM TS, K E
12 M 4 (long short-term memory, LSTM) #l TG ¥ B0
(gated recurrent unit, GRU), f## gt T K i g 12 2% 21 i I7)
%L LSTM HIe T 48 RNN H i i 2 $an i f

E I TN R S P 5 DT S U SN NE Pt B i 3
KE{H@\B,JFI:%}D!EEJ'EHO GRU &% — ﬁ'%@ﬂ%ﬁﬂﬁﬂf&ﬂﬁﬁ
% G5 M L LSTM a7 5 o 4 46 5 8 1RV 1100 38 43, 5 76
Dy st R A A B B RURTRAS th A S i D s A B

FIATTHEALE] 89 RNN B8 < AR 3R ALT SOC A
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BB F P S, Yang %l ] RNN-GRU #4128 /¥ %5
FEASTR] I B Al A E b SOC, I 25k — Uk (1 I 1] K 25
0.6 s, 2834 6 000 Il 2, - 3% 22 MAE IR F 126,35
KF PF 4577 (A L0 . R WL H O e R BE T . Wed %77
i RNN ff — B 4657 52k 08 4 28 ) 4% NARX (nonlinear auto-
regressive models with exogenous input neural network) P 4%,
51 LSTM fif g A< 02 7] 80, 38 2o i A B9 PR IR FRL P A I
JERCHE L A A L SOC, JLAl 5o 2 4% 22 MAE 2928
0. 7% 4 F BPNN-PSO. . LSTM % )53k .

2) B RPN 2 M 4

HFH 25 ) 2% (convolutional neural network, CNN) &
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15 355 i B AR 4 K %209

B g — A2 g5 0 8 T 7 BRI, CNN A
FERT LA B R B 5 . T SOC A8 A9 CNN, 38 1 45 7
BT IR RBUER AR AE . HB B 1 4E 0 (T 1) I A5 36
RS T REEHAUE . 455 SOC 1 CNN Z5#g & 9 fir
A 3 B2 WL E &SRR, BREMH

N

T__I_|

_I - ]
n \\\~‘~~ —

_.__— ~\’_~.~‘~—

| T H &

__‘ """"""" “T_

__ ...j

] mEB
L - =TT
L —_—) —

EHWLE RS 13 3 OF 5 B AT & BURAE A X
FHAE . AR B BRAZ SR IBOAS ] ) RO A . B 2 A B BUZ
A5 W 2% RE A8 S 22 B RRAE . b AL R A O B 5 22 A9 AR AR
6. ZBRICRIER . RERZ SR 2T &M &S5 —,
SRR EI SRS THIRARHIT:ESE S8

B9 —4i5F CNN 454

Fig. 9 1-Dimension convolutional CNN structure

ELHEAHFH CNN 34 s 3l SOC iR BLE RNN —
I, 7F Bhattacharjee BBF5E H ™, CNN 4244 {fi ] = JZ 0
e A5 R FRUZ AR IBUBCHE 8 K 301 R P9 0 G I M O B
FRAE G 45 R MAE KT 1%,

RNN i I 1143 550 1 i e A 011 42 18], 7E CNN o ]
FERT DABIA T 45 50 0, K BOBOHE 78 i P b i R DG pEe
FIATTEB LM CNN 5 E 10 iR, 1 485 BUZ TR
OB 23 [a) R AE 1] # BT ST SOC 5 iy A B s e i 1
HISE R A TEEE M I B 45 5. Song 2 # #f CNN-
LSTM RS M2 M4, il A 80 5 A il LSTM 3k Bt ] 45
TE AL T 25 g K% 22 MAEs {8 T 1% s Huang % {fi JH
P2 GRU 25 #49 3K BCE 4% B (8] 4R 0 56 &, 13 3 A9 CNN-
GRU W 4% 36 o o4 3, 77 38 7 HoAb 48k, e RIR2Z KT
2% ;Cui %V HE CNN 2K BUECHE R AE (19 SEmE F, im AR ]
JNALEY 17745 B4 (bidirectional weighted gated recurrent unit,
BWGRU) #5125 7 AL PR N T 1) 22 B0, 45 B0KG i
BB, F iR 2% MAE EARE FOMET 1%,

LSTM

LS > *| /GrU >

MISHakES |
SIS A

B 10 AT HITH) CNN RS 4 W 4%
Fig. 10 CNN hybrid neural network with gate control unit
5.3 HMAEEHEMENES
X AR 2t 7R G i g L T0I bR I 45 0 O ik L R Ak

SERERN M KE 5k B A & B k. (3 KF #£
Wb ERBE L R ZS RGBT EAHRZ M, 7
a1 FH Al 22 0 45 1Y 5 vk 2 57, SOC S AR Z X &5,
AT LA KF 85 7 30640 S0 oA 25 L i — 2B 3 i Al 3
B HERR PES 0

Tian 45" ] LSTM i 4 [ 45 # 37 SOC Flfi A
TR DL R BE 22 0] Y 26 R, B ACKE X fi Hh 19
SOCH#FAT V-1 W G5 B RIRZEALT 4%, RMSE %
F2.2%, Cui %5 B b X0 AR 177 5 3 2 W 4
(improved bidirectional gated recurrent unit, IBGRU) , #
SEALTRITI SOC 8, I UKF 38 & H 38 f R S ik 25 40
kR MR RF TR R ERE R S, FIREN
—10 C~25CTF ., Hf B2 MAE ¥ T 2% . kiR 2
Y30 5% . Feng S5 F5 H a7 b i) v Ak 2 A0 il ) 4o 26 )
2 AL B i e, P (B, ) o H s (B GE f UKE Bk & Al 55
SOC FHL B IR BEIRAS  #E—10 °C ~40 °C F , 22 RMSE 1%
F1%.

H A5 TR 2 M %% 7 1 SOC A B B3 i 1) T
ZROTEIR A Bl AR 22 L 9 E — 5 T A A 4 R 4%
PO . 25 D83 A Tt 1 A R IR 22, SE T 48 1
AR TR BT H i g SOH HEAT Ak 3, Tei 28 Bh H Ay ik
T ST FH b 22 R 2% 50K aE— 2B 3R T SOC Al 3 1) B 1

6 ELEHKAME

6.1 FETEE

AR SOC Ay XX (DA %1, SOC F{E R 24 Aif B, far
TR DA M B A L B A T Y TR L A i
B2 /0 , B M AR A F iy SOH &A% . SOH i X
R (39 FrR,
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current

Qo
K Quuen B YA AT AR, Q Fom H W) In i 2
K.

FE SOC T30 A, BR A B 3t 1) 6 28 0 oA (1, X
B B SOC BYAE B R MR, 7 B A2 P el B S 2
SR DR A P R R R, IR A R A E
SOH P 3 — & (B B, H 3t 4 2% 25 70 5 H0 BE 7 Nz 44 1 1% Ak
L, O LASIES SOH #284E, XF F 8 5 SOC 5 5k B
DI R WEps BT Ak, HA R L,

WILAE, B8 AT SOH 14 B 45 1 A T 18 1E
SOC A 825 JLP#7 09700 7 B T B e 450 R0 14 77 32k A 5 T b
26 W 45 7 T B 9T TR A AR

7 T R BT ) 5 i v, SOC AR B 45 5 0] F T4
3 SOH, SOH WAl 35 45 1 I i k& 1 SOC, B il — &
A3 kY. AT LT B A Ak AR
JH EKF fifi 8 SOC, I fii FI i 6] 75 51 i A 9% 78 26 A 11
SOH., L SOC 1155 45 3, A [ & 1k 72 & (1% 3t SOC
B KR Z AL T 2. 7%, SOH ffi it & KiR &K T
1L.51%, Xu 4" fff i % PF B 05 i 4 314 8 SOC A
SOH, #EAR[E SOC 7146 {6 1% B0 T Al 55, ¥ 2 22 MAE %
F1.3%, Gao &N H Flifb R P2D, i 17 SOC Hl
SOH 1 B & Al 11, | KR 2 18 F 2.28%, RMSE ik
F0.7%.

FF N TR R i 77 2 AT LU 5 SOH LU IE SOC
FRETEE L Li S0 3 7 A5 A0 I BT AL i RLS J7 3k B
WS4, AEKF fifi & SOC, ffi Ji 3L /R 2 #h 48 M 4% (elman
neural network, ENN)3Z Ak 5 b 25 i, 1 H 245 & & 1E
SOC, = P EIRZET 2% FE AR E T oK iR 2%
f&F 6% . Eleftheriadis %55 £ F RNN X[ # ¥ oo 5
SOC Fl SOH, 43 H1525 7 % LSTM FI i GRU JZ i 55

SOH = X 100%

(39)

i

oy

SR R RMEARK AL SOH ¥ MAE 5 0.3%,
SOC i F-3 MAE A 1.42% ., Cui 255 40 F 32 #5170 &
#L(support vector machine, SVM) i SOH # xS %k,
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