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Diagnosis of degradation mechanism and SOH prediction of lithium-ion
batteries under 6-DOF vibration and aging conditions
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Abstract : The lithium-ion battery in electric vehicle may decay quickly due to vibration and aging. One purpose of this research is to
diagnose the degradation mechanism under such conditions. The other is to realize the state of health (SOH) prediction. The specific
methods are given as follows. First, the attenuation results of the battery affected by vibration are analyzed. Secondly, the degradation
mode is identified. Then, the incremental capacity-differential voltage (IC-DV) curve is used to quantify the degradation mode. The
results of group Z are illustrated as follows. The loss of active material is 36.94% , the loss of lithium ions is 35.12%, and the
conductivity loss is 1.9%. Finally, the quantified results are taken as the input to formulate the GA-Elman model to realize SOH
prediction. The errors are within 5% , which can meet the requirements of battery management system (BMS). This research provides a
basis for the diagnosis and SOH prediction of lithium-ion batteries under vibration and aging conditions. It could help BMS formulate
relevant strategies to extend battery life.

Keywords : lithium-ion battery; state of health; vibration; aging; incremental capacity; degradation mechanism

P TR R o
EAIE R L b ) 75 A B EE B R 2 R 3
il AN , LT 1) 7 i 2 B IR I B B, O T RS
ULk AR AEE R AR AR S e 3 © HBTEIR SN AT R I PEREAE AL, T SCE Y A3 T
BEACE IR O R R is i T H, BB il N ARSI RS 1 R A4 R R, A BRAIR 3 2 ol R A
PE IR M B S BRI, A TS eE T RHS MRS & 0 TR BB ; Berg Sl S 3R 1L

0 35l

i

e H 9. 2021-05-08 Received Date: 2021-05-08
x FEATHH LA A RBLE RS BIFT AT H (£2020202142) A4 HARMEIE 4T H (£2020202221) %8



%83

e AN H RS B A T B T L A IR HLEE 2 I S SOH Tl 63

S, A3 HT A BEALAR BT H L ) F P RE AN AL RE A
FAZE BRI, AL~ BH BT 3E (electrochemical impedance
spectroscopy, EIS) Kl H i B AW 24, LIk 3h
FEE BRI S EE AR S B A 5 AR
BEAILIR B 55 595 55 1 5 BRI+ 38 ] i) 2% i 4R 20 s
F977 30 ARREE I E] WEAE 045 R ZR A2 R, X LG T HL
FAEAFIIRSN T B35 45 22 3] ; Hooper 26141 #2117 —Fh ot
Jr oM S Al RS T A AR A Y B L RHIR B Y
FL AP REFIHILAR I B A7 2 1k, e 2% 2 B0 P Yt 19 [T A A3
RS ST N (£ = I N E R R | PR
SCHR[ 5-6 ] S8 TP IFE 1 S0 SR mes Xof i, 418 B 77 i A 52
U TR 87 o R £ 1B R R P S Y G = X A A

SR, 73 v Yl 1 R AN 7 (S B =% i A 2l kBt 25
AL B L EAE L XA A T iR sh 2
AUZEAF T b 9 HIL B I2 T R {32 IR S (state of health,
SOH) BT Ay LS, 53 A, BRI SCRIR [ 7- 8 ] 45 482 1) 1Y
“ L B 452 TE BRSNS RUROS A RS DL
“ FEPRERIE 1SO 8608 H R HI P 231 %5 BE ( power spectral
density, PSD) Ji AT [ HR Bl /K 7 BT St ek b i 24
FI B B E X BB LR 2, B R OB A —E i R
B PR, Sy 7S AT RERT I S AR A4 T B EREE
TN B RS A b B R 3, O AR L 3l 424y
G AL AT AH I 78 A SRS

PR H Y2 W A 14 ¢ Je by F LB A3 BT B it i
Fl, Carlos %" 7 [F] — At 3B AL BCHE 1 1FAh T 3 2 45
-4 K (incremental capacity-differential voltage, IC-
DV) £AR K EIS FAR , IR F AR W] LU IR A 75 H AR [ 1)
S RIS 7400 2K M MRS RHE 2% 2 v R A Y 32 %2
JELPR s VPR 7 A5 R P AR A 2 4 i il R0 G F b A
D T] 3 A IR ALER , B8 B, 30 07 W 7 AN T ey FLR S
DX G ER A 25 77 A 22 S v ] I ) s R R AR EAR R
AU — R X [ 3 ) 87 Bk e £ S R
B EIS 7EZI 5 N2 S 12 Wy ik | i a2 Ik vk
W15 97% s e P XL T IE SR RIS X 4
LAY (Xoray diffraction, XRD) Rl % 5 471 4l oL 7 W fik
i (search engine marketing, SEM) & Bl | 1F A% S50k A8 A58 K
SERREAR U Lit RS i 800 28 2R A5 M B A 2
UG]S I e ) e 0 N ¥ G R B 2 4 G W N
JESRAE A, AT LU TR 3l 22 A 45 8 T H v i) iR
L2 T,

BEE N TR BEHOR 1Y A&, i SOH T & Je 3] —
ANHIRRE X S B M — T A R 2 7 f I )
DS o 30T Ao P [ U RS AR ) el 5 i S0 v, ST T A
AN RE PR IKRE I 1 ey ik AR el A AL T SOH 5 5K
G e SR FOT O HROR AR 2 R IR 2 U Ik A
TEL B HEdi /N 3 531 | () Ao S T H, 1t 45 A0 A S

IR LA B A B AR A R T EXS F 5% FL Tt B4R 1Y
AR IR T A BB EON SOH Bk, TESE
B W Sk v TS R AN R AR I | X A 3
PR ERL S0 AT ) R O35 3] 30l B0 T 4 0 M Ak IR
M FRA B 8 TS B AR RBUR 2T S A
BT ) )71 5y VLt A 2 R 2 BB, AN T 0 0K 5
AEERIE RME 2 s KIS BHBT B Y 7 i 32 1%
A FVR S BRI A B[R] (A F SOH SEas i
25 LA 1 b B4R S 45 1R A2 W S T Oy
THT AT AT T2 6] BRUAR AR 75 B h B PSD 35 A 0E #% 1
PRah Z5 Mk R G 15 A2 I8 7 2R SR U ) T B AL 2
B 20 B TR X B0 R 1 R AT R A B AR
%5 ( battery management system, BMS) fJER | BT A<
SCESEHE TS A i EEAR S AL P 5 Fok, i i
EIS J7f# LI K 1C-DV fhZi2 W7 T 2 AL HLEE, I il i 1C-
DV ik i e =M R 5 K AR SR
FEE BB A E R GA-Elman 55321, 5858 SOH #

1 SEETFRBZEUIIER IC-DV itk

1.1 Z{HE

BB TR B AR R e ny it B, B TN
FERIANE H 2R 51 A SR, 22 Fn2 5 K AR o R
3 Fh s R AR L L SR 2k ( conductivity loss, CL) 7%
MBI 2E (loss of active material, LAM ) FlI 0] FH 4% 2+
2k (loss of lithium ions, LLI)

WAL AR 2803 o B S R A A
[F) | CL F, 475 Ho, ol H, - 2 9 3R Ak B3] G 2 v, 25 T ok RDRG
BRI . LAM 59 ) 5 1) 45 g Bl 708 R e, ik 5 1 i
A Ko LLL VAP T 0] Y 3 H AR H e 7 v 8 i it
AR
1.2 IC-DV #i%

1C-DV 2 it PN 7 2 B v 18 8 ik A e
A AR R A B 00 K R R, B H B A 3R
it T UWLSE 3 2 B RIS B8 b gl e IR A, DT 4

Wi LT A 2R HLEE,
PSEAR T L R ) AR MR S
V=f(Q) = f(It) (D)

Hrp, v, 0,1, 5E 25 AR (], oRi
BOFHTFHGE VR Q ZIRIMSE R, 1C IhZFR 28 5%t
HLFSR 5 SHERSCR  BARER A V, AR Ac .

dQ
= (2)

DV HIZEFR I R A R B 5 S AR R, B

AEBRA QAR Au

Ac



64 %

wo R ¥R

F42 8k

1 dv

“Ac dg (3)
TR BMS Hh SR A 1 R 4 2 B By, PR

AQ/AV F AV/AQ AR dQ/dV A dV/dQ™

u

2  GA-Elman &5

2.1 REGASHEIEER

B LA R B (A G R L e 5 25 1 AH G Y R
1E, R TN AL 5 MR SRS & e 2 A2 B [R] s
56 SOH T, $2 H 4n F JEL#

SCiER[ 21 ] 82,3 g iR AL R 1C-DV 1l 2k 9 L
fl%EAE . DV {2 K25 1 07 & s # I h LLL; IC 2k
R T 7 0] B S ER N CL; 1C £ 25 [ ¥R Ky
LAM, Hafb AR .

max(V,) — max(V,)

CL(%) = max (V) (4)
LLL(%’>:]nax<f:;XEéT§X(Qi) (5)
o 37) = men{57)
LAM (%) = mﬂ(QZ) (6)
dv,

K LLL, CL  LAM, 5350 Ry i A S S BB E; VL 0,
Sy BRGNS 5 i RGP EL

gk, fEM IC-DV AR B EILE R, N T
— L HEREBER S SOH Y& F&, 528 SOH T /&
ik,
2.2 GA-Elman &Y

Elman [ 2% J2 fip st 20m B A2l AJZ B
TRJZ RIEJZ A TR A AT L7 R T P S B e AR
AT, A7 5 K VI ZRAE

S(t) =k(w, *x2(t) +o, *C(1) +b)) (7)
y(t) =g(w, *S(t) +b,) (8)
C(t)=D(t-1) (9)

K k( o+ ) g(*) R JZ B2 iR 2 Z
ML I8 BREL; S () oy (1) (C(¢) F3 5 R BRRZ i i 2 K
BIZNER 0, 0, o, IR B REZ
R 5, by 530 A B2 Ryt 2 04 1

JRAEE T (genetic algorithm, GA) &ML Y5 % 2018
TR R T I R 4 (435 N g ) R A 1
TEXT Elman #1289 45 (AR K (B S0 «

D) WA 28 45K, B8 Rl RF R s (AR % ek
BRIREE S8, QIR IR

2) B A 0 PR, e P IV R PR R f

N

1 :
f_NZI(Ti_Qi) (1())

i=

KA N R VNGRAEARANRL T, .Q, 735 0 4 8 9 S DA i
RIS

3) e, MR ECE I I e G R T
i, SET R AR . A v, BRI p,

P =) [ B fx) (11)
St N A RFI R f(x,) FAMGE R

) MRS B S ) S A

5) JUT 2 75 3 B4 11 A 0, JE IS5 75 U3 [
%2),

6) LR AR IE B 4006 T Elman #0128 Jo) 46 | 7711 4
EEE T

3 XBKRER

3.1 LBFAE

1) 75 A MRS T4

ARSI IREN T T B a0 . — 5 T, SCHk([ 7-8]
R BT e B 4 Az ) B 1 9 4R B RT RLAE R S A
FHEERTRY JF HoS H R EEdR 2 & 2 TR A4 N
TR AP ISR PR BN 5 o5 — 7 I, AR E PRAR I 1SO 8608,
AT LA PSD i S5 il 41k sh /K, BRIk, A ok S 56 1
7N E RS & NAARE B 20 B PSD 1%, b4 8a 1
FH R S0 T 250 LS IR B G 1

B 1 ENHMERSG, BithsZ 2R 377 Lol
IEL/ 5 0 b1 e/ A AR AR AR 3 6 443
71, RBBIRE G AX AY AZ 0 .0 ¢ 6 MSEL,

s i iy

K1 ANAMERSS

Fig. 1 Six degrees of freedom vibrating table

[ 2 JE4R 30 5 i A B SRR T R A R LT B 41
N PSD BRI

2) FERCHE T4

ARSI RO T A BT AT -l e B A% %
b I B 2 A AT 5 T EL R PR O S AT I B A O
F' o BTLA, AT 5 E LS RT i B S R B A8 AT
B L , AR S22 1R 2 P2 N A0 1T R ) L 52
MO, O T B LR S HT A AF 58, AR SR T 5 3¢



SRR S A A F T B T A R HLEH2 KT 5 SOH Fiti 65

5 8 1] B3 @S VAN
40
§ 20
s 0
2
é -20
A -40
-60 -
0 20 40 60 80 100
BiFE/Hz

K2 B PSD i
Fig.2  B-route PSD spectrum

k[ 23] ARG CH T, LB ERE R (1 C) FLHATAR
WRah, RAE R IR 3l AL BLAY 4 sk 5 g A7 30tk
0O AIE N ), EE T 4 MR AR (0.1,
2.0.5C),Fei T A 3 B,
4000
2 000
<
E 0
ﬁ—z 000
-4 000

-6 000 25
0 2000 4000 6000 8000 10000
I [ /s
K3 Feici Tl
Fig.3 Charge and discharge conditions

3) HL e 2

o = o4 B F b, 1 LiNi 5Co, ,Mn, ,0,
(NCM) IEAR A 25 17 A 20 AR, 4 25 4t 2 400 mAh,
TR R T YR G AN TR A 2 T, R T — e
e B WEfEiRsh & b, ik 4 BiR, SAEE kR
A 3T T REE , AT i v %% 3 AN HU,

B4
Fig. 4 Battery fixing fixture

N TR IR SEER TERE 12 A HH RS Y
L, JF o2 RN (X 41, Y 40,7 40) 9 i 5 LA
(N 41)3 Ariith, AR KA 3 A i i - (6
RFZLUKT-,
3.2 IRBBUXERBER

1) FEERER

LSRR 8096 AR AR v, A R R ] 80%
SOH Z HIHY%dE . K A4y SOH BYFIMrR 4, H5E SC
Ew

Q;

SOH =~ x 100%
Y

0

(12)

o, Q, S HTE I JE B SE PR &5 Q, MR
ER

WS ALIE R A B K S BN T A BRI R,

PR 220 Yol B LU AL R, > 2 R e B W AR 4

) 80% (1 920 mAh) Iy 150 4> & 1, Atk 2 e % R

150 /il 107 4 2H P vt 1) a1 L . i 50 JRI 4, 4 2 s

S8 PR H FLA B 25 05 (EAIR B 4 PN 22 1)

AN W 45 2 45 2 ] BB 5 A (T A4 R i 5 T ( solid

electrolyte interphase, SEI) S i 62 S 7E 50 RIS,

4 21 3 Yl AR 2 B n e e A I 2 4H R 2 1) 25 R

8, T AR A0 i O L AT A R T R e Y A

100 JAMAJE , 3t — 20 ik | 4 20 28 I R 1% 22 FE hr
K, 7 H LW N,

26007

2 400 pm—_—————

22200

%zooo

1800

1600O

50 100
(VSR

K5 7R
Fig.5 Capacity fade

2)1C-DV HZRas R M iR Bt fb

6 T TR RN IC-DV thek, b T4 dith&ds
P AL N R, SRR, DL 10 S5 01 R [a) 6 .
1) 1C Az 88 N AR AR (3. 52 V) IELETRIR 5
WIZHHE A, DV IHEZRAEZH N ,;2) 1C 2k H BRI (E
LRI, DV I A R ) 25 S Bt )

80

_ 1045 340
> —1
52 60 +g
o
) 10
= - 12
= - 14
20
2
94 35 36 37 38 39 40 41 42
HE/V
(a) ICHI 2%
(a) IC curve
0.020
é
£ 0.015
2
g 0.010+ A
=
2 LR
0.005+ \ %%
0 500 1000 1500 2000
A HE/mAh
(b) DVHiZk
(b) DV curve

K6 1C-DV [k
Fig.6 IC-DV curves



66 I # I F

F3(4) ~ (6) X iR B A S A7 = Ak, W 7 A
< 1 078, LAM Al LLI B35 K K F Cl, #Ed LAM A
LLI 235 BB A BN 3R, bR sh 4l i iR 45
WK T WAL, Z 0 o,

230 X
= [ ~-cL - =30F +CL ¢
D20 ~LAM e 520 = LAM p el
» ol - LLI P : LLI o
= e Q10 P
20 e S 1012 14° 0 2 4 6 8 101214
PEER A PEER R
(a) N4 (b) XA
(a) Group N (b) Group X
SRy 2 %40 BV
2201 - [L1 Q20r - LLI
olor oo 9
Sy s s N T s s 0 12 14
PER A PEFR R
(c) YA (dy Z4
(c) Group Y (d) Group Z

El7 1C-DV iR
Fig.7 1IC-DV degradation pattern
&1 IC-DVHEBEHXER

Table 1 IC-DV degradation model results %
J5'1a] CL LAM LLI
N 1.63 22.08 27.87
X 1.79 28.12 32.28
Y 1.69 30. 83 31.98
Y/ 1.90 36. 94 35.12

3.3 FIRHESHT
IC-DV 14 #E 1R By 5 B A5 X 55 00 iz A9 HL 38 4 5% 2
E?/j—:\‘[m] .

2 IC-DV EZHHE
Table 2 IC-DV ageing mechanism

ks iR b
1C 2L TR o A
JriE s H A
DV M2 . A ST T 5
Iy 17 FE S
LS TSR
e iff;“ LAM R TS A SIE

A AR T 1L

EIS M5 0. 01 ~ 100 kHz, &5 55U 34> 5 &4k
TCR A H I 3 — B S OB TR 400 45 3] . RRCARERH
PL(R,,,) SELEBLAT Ry, ) RATH ST (R, ) A HL
FHAT(R,) o LA 10 JEIHI R alpe , 455 an ikl 8 TR <R, (R,
AR, WBHERKE 5 MG W8k, B R, A1 R, Hc M 2 ;
Ry, JFARFHLH WA,

SEM Fil XRD W& 9,10 7~ , H-45E 1C-DV fi L1
EIS X = Fp g iR B T2 T,

2 4 6 8 10 12 14
TEH A
(@) R, iR (b) Ry, B3R
(a) R, results (b) Ry, results
0.03r —x —~X
=Y W 0.020F =Y s
930-02 *ZAW’ QVO.OIS +§w‘\ @T,{;/ff‘»f
<0.01 0010 fumd e
ol 0.005¢ , L
2 4 6 8 10 12 14 2 4 6 8 10 12 14
TEH A TEH A
© R AR (d) R BER

(c) R, results

K8 s

Fig. 8 Impedance results

(d) R results

&= H

Py

9 SEM %%
Fig.9 SEM results

[ (003) (101) (104) (018) (113)
7 | (006) | (015) (107) (110)
Y
m?,(.,l PO |
N l A 1
20 30 40 50 60 70 80 90
26/(%)
(a) IEH
(a) Cathode
Zk Vg
. ANAN Y
(002) 44 45 46 47
z | Cu [004)

20 30 40 50 60 70 80 90
20/%)
(b) Futk
(b) Anode
& 10 XRD 4531

Fig. 10 XRD results



%83

e AN H RS B A T B T L A IR HLEE 2 I S SOH Tl 67

CL SEEHLERIE Il | WA A G P iV it o
TEAWIHEE, Fm h R, B K, 7E44LIEH SEM 7]
VLA B4 H 258 b 5 B0 2% T RURL G 16, IR sl A vh o &
IR AL, RV IERAD R A v 5 i i, S BOR
[EI]EE7 R N

LLI 5 B fif 5 S P o A AR AT A D6 FL A I
Ak il AR B P R TR UBUR B SEL R, T R, R
718 A it (o Ak 25 2 A e A e T e A M A oD
BI R, Ik, X0 IEH: SEM 21 iR 4 8 k9, [A)
Hfaaﬁi 5 A A S i A R B LR e A
e SEM I FRHTBURL 2 IACT-3%  JCHA i 2448, T3R5 %
TR, T T — 2R SEL B, — 1 3 A
SEI 5 RE RH b H i 5 T b St 1, LAY B 22 R s g 1)
Az 3 55—y T SEL e JE 2 S 80E R , 1 il 1k
N o AEFE R H AN T o3 i, 4 BH S TR B8 B 1
W R BIR SEL R, T HY SEL A AW IE 1, Sk —
THFETE PR, BB B I, 1 A% CL LLI LAM
LRI, AT LAHEN , 3% sh 2 1k 2% B g SRR Z0, SE JiEE 5
JE TGP R B A5 I S U

LAM 5 s R oA | R A AL O PR AR A
unﬁ/ﬁiz R TP SRR RS2 RN RS
X2 XFRIF] EIS B R, Ry R, (R, HBAS[F) T EE 8K
TEIE KA SEM EPTWM@IH%E)L%R%W&M W T
NCM 4y a-NaFeO, BILEHE  JEFR IS IEM XRD £ U ] 5 £f)
FEARHS VSR BE LU 1 o5, /1 10y OB ERET Y 2. 815 B/
N2.381;X2.358;Y2.390; Z2. 362, Lt {8 1 /> 35 B VR 484
T ARER KT 1.2, IE B R A B R HE, MK IH
TRFr RLAF A 2 AR S 40, i T NI LT 2k
R T2 A H AT RS #4522 K, NCM. AR s 1Y
3b 55 & Li/Ni o B A4, B Lt /N TR HE, BH %€
Li L5 I8 A 2R EEH 1n) 5 ER 25 i e AR e 3 3L
B KGR RE 2 . Tkl XRD b, 4% W4 {1 48 1k A B
B, A RE WS SHOULEE B E I J 25 Wik B AR 553, WA {67 " W [m] 15
A . (AAEIR )5 22063 2 | vl B2 06 20 o Fi rp 0
TR A FBE 5> 55 2 5 10 8] BE AR K R A, 8 I 24
Rl R ey R R R L TR

ZE b RS INAE — 2 BB AR T H it N A
FACF N, IEA A BRI G VTR FE LY 1 o5, /1 10, B
15, AT HERS T G708 2 1R A9 SET R J5E | i 45401 B 1
AN, ¥ B LLL A1 LAM W52 2 1B #55 X 5 i A ™ o
AN, A I R E 5 IC-DV #hZk (EIS K i dF
it AT B R B — 2, AT LA 1C-DV W A 4047 F
BL, N F—24E 0 SOH Fiiim $ A4 4
3.4 GA-Elman FiillZ R

AT MALELZ T B T 3 R iR AR A R EAE
RTIN SOH ()& HM: o T MWEE I 1 — 25 1F B 3 2

TE5 2 A e, 51 A B IR #hAH e R B p , SR A & R
HAR XY Z R AH S, LT .

Hrr | cov( =) TRl ;6 IhriELE ;p faXHE
Bl 1, e bEigss . K3 M RMAFNEREASARZ
[B]84) p &, 1T LI 45 20 AR AR G HE | AR s & 1k
FHIE R ER

*3 4HEREFEM

Table 3 Characteristic correlation

751 PcL PLu Pram
N 0.8112 0.906 3 0.9322
X 0.805 0 0.916 2 0.885 4
Y 0.8275 0.893 0 0.910 2
7z 0.8354 0.927 0 0.867 5

14 3 Fhit A 280 A GA-Elman TUMAIRY 42 AH T 1%
ZEXFEE AL TP

u x 100% (14)

error =

Horp,Q,, WA ; 0, AR H A,
TR 2R SRk 22 0T B 11 iR,

~2500 ~2600
:2400
mZOOO — SRR 2200
58 s00 TMJ{E , fgfgoo T—rﬁiﬁU{E

100 150 100 5
{fﬁ%)ﬁ% ﬁﬂi)ﬁ i)
(a) N4 (b) X4
(a) Group N (b) Group X
<2500 2 500
E
152 0007 sepggy mnaﬂ 20007 —scprpy
& — ﬁ?ﬁ!ﬂﬁ — B
> 1 N 1 ()
100 50 100
ﬁﬂ:)ﬁ b TR
(c) YA (d) z4
(c) Group Y (d) Group Z

RIS HIEACE S
Fig. 11  Prediction results
FEE GA-Elman BEAITE 4 A~ 5250 21 #5242
BHEIRZEEE RN GR 4 25 21 1R 22 A0 AE W] He 32 a1 Y IR
W11 GA-Elman #3058 58 M, fRIE T TR 3 25 4F T
SOH Tl iy AT Sk

x4 BBERE

Table 4 Model error %
Ji 1] R
N 3.46
X 4. 06
Y 4.18
VA 3.95




68 U # L £

e Fa2k

4 & it

-l

ASCHIFSR T8RS WU AR B 2 Ak S 14 T LB 2
1 SOH T, B 55Xt Lt 1IR3 SC 020 1) s IR L PR )
T T AR, FERA DL LAM A LT A, DA Z 415
A ™ LAM (36.94% ) (LLI(35.12% ) .CL(1.9%) ; &
U IRBINER 1 N AL SO, BT K, IR R,
MR, AFE., SEM Fl XRD I /R 2847 sl 4 1F 574K A 163 175 25
TR IR IR B G  WESREE LU 1 5, /1 0y FEARR,
PRTEHERS I s T R T8I Y SEL BB JEE 481 85 -4 2 i) e
J& A IR AR A S RRAE S 805 A GA-Elman [ £ 15 Il
SOH , IRZERIFLE 5% LA B R AP I Tz .
ARSI Jry BRAEAE T 1A 7 e H Al PR B 45 14, OF
A B — SR AR S, RIS R 7 38 T &
PRBN ISR 53T, 73 A HE I A BLEE 73 A 1 5 1 o
S 3k
[ 1] B3, FLYL. (5154 FH A0 el o i A 4 B S5 R 3 i
KAL) BIERHAR ,2018,42(7) :959-961.
WANG W, WANG H K. Relationship between electrode
material  and

vibration of lithium Dbatteries for

communication equipment[ J]. Chinese Journal of Power
Sources ,2018,42(7) :959-961.

BERG P, SPIELBAAUER M, TILLINGER M, et al.
Durability of lithium-ion 18650 cells under random
vibration load with respect to the inner cell design[J].
Journal of Energy Storage, 2020, 31.:101499.

sk RN R BT 57 4001 0 3l ) H e
IRBRHEIIHT[T]. IR ,2020(4) :27-32.

ZHANG Y, DONG ZH ZH, HOU ZH CH. Analysis of
vibration standards for power battery pack based on
fatigue damage spectrum [ J]. Automobile Technology,
2020(4) :27-32.

HOOPER J M, MARCO J, CHOUCHELAMANE ] H,
et al. Multi-axis vibration durability testing of lithium ion
18650 NCA cylindrical cells [ J]. Journal of Energy
Storage, 2018, 15.103-123.

KEIL P. JOSSEN A. Charging protocols for lithium-ion
batteries and their impact on cycle life-An experimental
study with different 18650 high-power cells[ J]. Journal
of Energy Storage, 2016, 6. 125-14.

HU X, YUAN H, ZOU C, et al. Co-estimation of state
of charge and state of health for lithium-lon batteries
[ J]. IEEE
Transactions on Vehicular Technology, 2018, 67 (11) .
10319-10329.

N, e, B A T AT OCRE B B MLAE TR

based on fractional-order calculusj

(9]

[10]

[11]

[12]

[13]

[14]

R A IREN T[T ]. W Rl ( AR B IRD) |
2018,45(8) :7-14.

LI J, GAO X, WANG P D, et al. Vibration analysis of
electric vehicle under the action of road and switched
reluctance motor [ J ]. Journal of Hunan University
(Natural Sciences) ,2018,45(8) .7-14.
TREN R SRS NS B HERSINLEE RS 45)
M5 MmAL I [)]. IR 8h T4, 2019,32(5):
801-810.

ZHANG H J, HAO H R, GUO ZH P. Analysis and
optimization design of six degrees of freedom engine
mount system [ J ]. Journal of Vibration Engineering,
2019,32(5) :801-810.

FBEHR, Wi b, SR ) 2, S5 DB 1 MR P B T o Bl A6 40
FEEERMERTE[T]. RV RS (A REB
W2) ,2017,45(03) ;:398-407.

YIN J, CHEN X B, WU L X, et al. Simulation method
of road excitation in time domain using filtered white
noise and dynamic analysis of suspension[ J]. Journal of
Tongji University ( Natural Science ), 2017, 45 (3) .
398-407.

CARLOS P, KOTUB U, GAEL H. A comparison between
electrochemical impedance spectroscopy and incremental
capacity-differential voltage as Li-ion diagnostic techniques
to identify and quantify the effects of degradation modes
within battery management systems[ J]. Journal of Power
Sources, 2017, 360, 301-318.

INNTE L AER, WO, 5 BT AN A B AR R
PRS- 3h AR IR S 22 e [ ] L TROR 224
2016,31(10) :159-167.

SUN B X, JIANG J CH, HAN ZH Q, et al. The lithium-
ion battery low temperature stress based on different
degradation paths [ J ]. Transactions of China Electro
Technical Society,2016,31(10) ;159-167.

FARIY Ay, R A A TR B I ) — 3 41 e 1)
BRNE 5 B ORE b EIS W & R i W ik [T ].
o [ B L T R4, 2020,40( 14) 1 4526-4537 ,4732.
WANG X T, LI Q, WANG T H, et al. EIS measurement
based on dibs excitation signal and fault diagnosis method
of fuel cell [ J]. Proceedings of the CSEE, 2020,
40(14) :4526-4537,4732.

T XSO, 88 A 4. = JeHES 31 ) F i R U
HLEE[J]. B AL ,2020,37(10) : 1181-1186.

YANG T,LIUW F,MA M Y, et al. Fade mechanism of
ternary lithium ion power battery[ J]. Chinese Journal of
Applied Chemistey,2020,37(10) ;1181-1186.

X Wk 5 BT | A T AR R 22 T H N ] )
BT Ay T [ )], 1V 5038 KA R, 2019,
53(9) :1058-1065.



%83

e AN H RS B A T B T L A IR HLEE 2 I S SOH Tl 69

[17]

[18]

[19]

[20]

[21]

[22]

LIU J, CHEN Z Q, HUANG D Y, et al. Remaining
useful life prediction for lithium-ion batteries based on
time interval of equal charging voltage difference [ ] ].
Journal of Shanghai Jiao Tong University, 2019,53(9) :
1058-1065.

s e A, BEDUR 5. P 7 AR AT SRR 2Bk
TERE IR PR H v 28 or RS AR S R B [T ],
HUBL T RE4412,2016,36(22) :6246- 6253.

ZHANG J L, TONG W, QI H H, et al. Application of
square root sigma point Kalman filter to SOC estimation of
LiFePO4 battery pack [ J]. Proceedings of the CSEE,
2016,36(22) :6246-6253.

TREENR, T4k, AR JET AL BHATIE At 2 1k
FFABTIEL ], BRI ,2015,39(12) :2579-2583.

XU X M, WANG L, SHI H L. Research on battery aging
mechanisms impedance

based on electrochemical

spectroscopy [ J ]. Chinese Journal of Power Sources,
2015,39(12) :2579-2583.

ZHOU Y, HUANG M, CHEN Y. A novel health
indicator for on-line lithium-ion batteries remaining useful
life prediction [ J]. Journal of Power Sources, 2016,
321(30) :10.

XIKIR], RF R, B8, 45, e o 20 £ IR A A
THERR )] AU ER#41,2020,41 (11) :1-18.

LIUD T, SONG Y CH, WU W, et al. Review of state of
health estimation for lithium-ion battery pack[J]. Chinese
Journal of Scientific Instrument,2020,41(11) :1-18.
OB, Ei R, HE T8 8 7 R b SRR Y SOH 7E4
LWL R SE [ J]. A0 AR 2 41, 2020, 41 (8)
206-216.

SHI W J,WANG H M. On-line diagnosis model of SOH
based on lithium-ion

thermal  characteristics  of

battery[ J]. Chinese Journal of Scientific Instrument,
2020,41(8) :206-216.

DUBARRY M, TRUCHOT C, LIAW B Y. Synthesize
battery degradation modes via a diagnostic and prognostic
model [ J]. Journal of Power Sources, 2012, 219;
204-216.

YU M, BILLY W, VLADIMIR Y, et al.

battery life; A low-cost practical diagnostic technique for

Extending

lithium-ion batteries [ J ].
2016, 331.224-231.
% 25, LT, A5, gl S IR AN R AT I T
TR A B TR ST [T ). LA TR A2 4R, 2014,
50(16) ; 180-185.

LIZH X, LI Y, ZHOU K K, et al. Temperature study of

pure electric vehicles battery pack at different driving

Journal of Power Sources,

conditions [ J].

2014,50(16) : 180-185.

Journal of Mechanical Engineering.

[23] et al.

LI W H, JIAO Z, XIAO Q,

performance characterization considering six-degree-of-

A study on

freedom vibration stress and aging stress for electric
vehicle battery under driving conditions [ J ]. IEEE
Access, 2019, 7:112180-112190.

RUI X, YUE P, WEIXIANG S, et al.

battery aging mechanisms and diagnosis method for

[24]

Lithium-ion

automotive  applications:  Recent  advances  and
perspectives [ J |.
Reviews,2020, 131: 110048.

KOTUB U, SURAK P, WI DA NAGE W,

Characterising lithium-ion battery degradation through the

Renewable and Sustainable Energy

[25]

et al.

identification and tracking of electrochemical battery
model parameters[ J]. Batteries, 2016, 2(2) :13.

KIM JY,KIMJ Y, KIM M K, et al. Health monitoring
of mechanically fatigued flexible lithium ion battery by

[26]

electrochemical impedance spectroscopy-sciencedirect [ J J.
Microelectronics Reliability, 2020, 114;113818.

R AE ARHENI, T30, KT BE A s dhr i 72 [l 19
HYER B T b A RS B [ T ], o 700 S A AR 2
#%,2020,34(6) :63-69.

ZHENG X Y, DENG X G, CAO Y P. State of health

prediction of lithium-ion batteries based on energy-

[27]

weighted Gaussian process regression [ J ]. Journal of
Electronic Measurement and Instrumentation, 2020,
34(6) :63-69.

EEE

FXECAFIEH) 2006 4 FHIL T
Ap KA AR A2, BUAAT L Tl K22
B2, EBWFETT 6] 0 B Al SEME S A I H R
OIHT R RE LS A HOAR T
E-mail: liwenhua@ hebut. edu. cn

Li Wenhua ( Corresponding author )
received his Ph. D. degree from Hebei University of Technology
in 2006. He is currently a professor at Hebei University of
Technology. His main research interests include reliability and
detection technology of electrical appliance, intelligent electric
appliance and communication technology.

F]IF, 2011 AR TAIE Tl K AE AR AT
s, B R A BT B A R )
1RO TR, S BRI 5 1) A R
E-mail; 13716906056@ 139. com

Bao Erping received his M. Sc. degree from

i Aa
/)

currently a senior engineer at China Aerospace Academy of

Hebei University of Technology in 2011. He is

Architectural Design & Research Co., Ltd. His main research

interests include power supply and distribution.



