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Abstract

With the increasing awareness of environmental protection, lithium-ion batteries have been widely
used as an automotive power battery. However, it is still a challenge to accurately test the charge
state, health state, and identify overcharge, overdischarge, and internal short circuit of the battery.
In this study, the Electrochemical Impedance Spectroscopy (EIS) technique was used to explore
the methods to effectively assess the state of Li-ion ternary batteries. In this study, EIS tests were
conducted on the battery under different SOC conditions, and the corresponding electrochemi-

XEFIF: BRew. M3 Rz EPTE N D). YRR, 2024, 13(2): 273-283.
DOI: 10.12677/japc.2024.132032


https://www.hanspub.org/journal/japc
https://doi.org/10.12677/japc.2024.132032
https://doi.org/10.12677/japc.2024.132032
https://www.hanspub.org/

cal impedance experiments were performed under overcharging, overdischarging, and internal
short-circuit conditions, which led to the conclusion that the applicability of EIS for estimating
various battery states and diagnosing battery faults was verified. In addition, as a complementary
means to EIS, the relaxation time distribution method was used in this study to test batteries in
different states, and the results were compared with the EIS tests to draw final conclusions.
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1. 51§

B 5 4= BBV AL H 2 0 R0 A2 88 U R YRV FEXT RS Y5 %, FEBNVR B TR, oM
T S HE SRR SZ 202 0W . Ak, B TR LR R . ARBCERR. AEGKSE
o, SR ERRE T Z N =4k, 73 /b A RTS8 T T2 M L]

TR B A B ) &R OE SO A MR R B B R RO E R . TR e B E 1 R
Bt e OB AR B A B A S B PR AR R I A0 5 A B T AE A B A P B FEA A AR AR R B TR
T R B FR AN SEERAEIS FR  AE B R R E R R [2] I T i) s I R A R T L S
2 FRIRAITAL ) T By L, I R AR A% B AL 2 T ARSI ON T IRENE S, SR E SR
HiHES, SAMRN BRI 1 5 rT DUE H 55 2% AL 22 BE 4T (Electrochemical Impedance Spec-
troscopy, EIS) [3]. 5 FH A /N FE IR 1E SR SRR AR B EAT A AL, PR AN 52 T o R AL Ry 2
FMEAEH, HEARBIXEA SRR 5 A AR i EIS §8 b HARE H K FH 0 f Ak 220t 78 75723k
S 2 F s [4] .

R, EIS BRSNS B Ak 2 3 T 7T (19 dn BRI S b ) (R 58 KR 22 L[5, e RIEAE DK, %
KA SR A BORAR R LI P AT Z T, R R AE TN H A BERAS |« ar FRORZS I W e it 2 75
P L DA R A Fe BT THI[6] e TR SRER A 78 A it — RS AR U DL A R LT TR S R 3
B, A2 EIS fERXFHHBUNE 8 56T T ARG RS 8], HRF FEA: 1) B2 Hprisnn
*%TH%%%T%%@ LAHT7]: 2) HIAL ARG RR % 16 B A IR EE N BONHER b S R %28 Ha Ak

AE[4]: 3) LA BHBTREMAA 21T fh[8]

E FEIEBL R, EIS B 7 AR RS B S W R 1) SEEG T RE R AE R 2 I EE S 4k 2
2, SECTHUFONEAR. X FE e BT TR EAE A MM S B A P ROk HE AR 8 R
FH 5 b AR B 7 RN SR BB 1) i B ORL AN 2 e B RS0 3 A P L5 4 BRI 22 LR A 52 6 DR LA
RN BN TR FELRTE (14 288 A 285 g 5 A RS A B FL A FH o) 8 5 P pELAS BT )% 22 B 8 55 EC A8 P 1) 2% R Al
JiFAIE T 255V 2 B R R IIRAG v R 20t I B BE B0 P P 25 ke a1 = 2R B L 52 [9]; 2) T7E
WUfﬁiIﬁ%EPi_ﬁé??thi%&Uﬁi ERARREEE MR, X EIS J5ik i R B R & [10]; 3) FHT

TR 7R B — Lo R RO B 5T, P DARASSCRFT 2 A A [11]: 4) JRRE XS BEAT I 1) 52 e A3
K, BRI AE e AR H 7 12 7% A 428 1 e 22 s 2 AR A [12]
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HHT, 5 f it St e SRR R A A0, 7R SRR, TR AR AT S
F P (R0 R A0 1 B LA A I A S [13]0 ERAR T AR IR & BOR S A I B A b 2 LA
SR TIRZ R, (H2 W TR % B R E MR KR, B R R A SOk BE R
HREWH 2 B2 B 7RSS g R A B S BOARIR AR TV B B SEBR Y AR A [14] . T £
R RNG L BRI R MIFAE T, X B 7 b B E RS R A AL T F T bRk e R 22 A
VE[15].

XTI ) J, A AU £E — b S r v P AL 22 B S (EIS) RN B AR R B il F-[16], W7t H 54
H IR 7S (State of Charge, SOC). i 7uid . WAEBEHIK R, FFHFT 1 UL E =3 5H & B b a 546 o
R, FTUCARSCE TR0 H T e B — S 3R A S bR 17,

2. Z BB MRS T AR REIETR
2.1. LRIt

2.1.1. ZHBAIIESLI i &
PGSTAT128N T FE Ak 2% A uik & — 3R A0 B A s AL 22 R A Al [18], HEEESHLE 1,

Table 1. Autolab PGSTAT128N test coverage
52 1. Autolab PGSTAT128N ;i St

PR AR A R 2. 3. 4 Bk
AR BAIEE +10 A
B ABE +10V
B H AR +800 mA
HLIfE Y 10 nA~1 A
CV % 0.1 uV~250 V/s
BURE 3% 50 kHz
T EAL T T >500 kHz
PR GPES/FRA/NOVA
BALZERR SRR AR R

2.1.2. ZTRMPAINIE LI HRE

DAL P S AG AR 5 2245 NOVA B, IANIR SR8 A I BRI AE NOVA R A Bk T8
BAR—5[19], J5UAAIR SOC A B4 i M A9 A28 i BT IS CE NOVA B4 b ¥ 5256 454 [20]

e BE NN UE B R DURI S 22— R AE BRI L AR L

FoP: WE SOC = 1A, AT, #E 5 S G758 — U st fo Ak 2= BE BT gL,
D BT e A 0.01 Hz~1 kHz, I 77 SONSEAETIOR 10 A5, W3 & A H A U 10 A s

=00 P R EcE da v EXCEL 6 3Xs

FEIUL. fEKHEbEE 30 S 5L 1/3C (9.0705 A)EFUHUH I HE SOC £ 0.9,

EAE: ERCR R EIRIER —E DB EE SOC = 0 i N1k, Hd kAR ER KRR T R, HER
TR T B AT A B2 T Lk Bt Y SR BT, g SRS R 7

EH T S50 BT BB A 0.01 Hz~1 kHz, i DA SR K Py 2 Fh s FEL A0 2 BEL B % 3 28 it oy
AN Gy LA e —EB 3 IR IX 45k
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Figure 1. EIS example
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Figure 2. Comparison of EIS of different SOCs
B 2. [ SOC PRI xTEL

A Schmidt KW 7E[22], HMFEA[R SOC 1HL F EIS ki k. [Fith, A7 BRI s H
PRHIETE IBAEA R SOC 1B L N I ML 2= BRBT 1S (AN [F],  FHm i 43 2 (1 s A 2 FEPTIE B T EIS Alvh Hiith
SOC 7715 . BHATUASE R 3 o 25 ) 22 40 Boxt Hth FELC ) = 2 7 sk SR T A [ D 2R 433 (1) 2y 7 vt FE
PUEI[16].

B EIS A1 SOC 2 IR 156 £ BE SOC K A284k EIS W1l&] 2 A, £ eEIBAN[E SOC T ) Fi Ak 24 AT
BHHCAE i A0 DX SRR v, ME LB A o TR X I B 9 DU e A% BE 4 ik 2 5 kAT X i1
X — IR T Je Rl O it (ERIS,  BPFRIE g v AT X i )32 1) 25 FE v RR A A BE T EANFERE SOC R AE ek
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A%, HEMEEEACRFFANAL s T T2 ARt DX i 157 PO A 25 5 F it A A ey FELFELIU) 25 i SOC A& i S8 ik
b, RWIT SOC B8 U Hh A (1 v AT OB A IR AT B2, T T SEI AR T (9 B RERE i AN K

AR XA 32 ZEARFAE T LA AT 4560, AT A Fi s 1) R Y FELA70 ey SN2 B AN LIS SOC 2 7] [ etk 22 SR 3
W] BEAF (L5 LAY G P SRR i O 2%, S 0 38 3o X A B A AT A X 18 Hh s BEL L T i S % 5 1
FI 3 A okxs #5-4> SOC Hi b it AT S5 M BTG THBL AT — %€ ISR S VE AT AT AT 1 o OSSP 7 203 i
ZREN A R, WS B it A RS EAT PP A S B L thoRs 2 P e AR A LA

2.3. PREHRET EIS o#h

231 BRKRETH EIS

e EIS BEAE SN 7R TR AR EIS W& 3 Frongl Bt AR 7E IR A4S R 1 B AL 2 BBt AE
EATX IR P A FEREAG, AT 2 A T XA, AR X A FE RS B S o T (A DX sk 1) [ Ak ) AT DA AR
BHHIX Gy, AHRIX S FEHA R Fonid 7o r it R P BEL R Ft i 78 i FE FE MBI E A K BRI 4%
P RE S B I R RR R (IR T R, X ULEA T B e R By, A e b R I I AR s, M
A7 FL AT ()2 R A T g PRI A, T R AAE [ 445 LA O S (SE) 1) - 150 5 AR AN et TSORR FE R AR AL T AR A, R B
Tk AR R PO T AT 1) LA PR RS I R A R, T T SEI HR A BT 1T BU RR R AN K
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Figure 3. EIS in overcharged state
Bl 3. ERRETRRRMEIIE
2.32. HARZETHY EIS
B EIS BETE &AM HCRES N R ARG EIS W15 4 BraR, BRI LS TBORAS T i B AL S AT
AR L AR X (Y A R ARG B, A . TR A R AN R TR S T B Ak S LA
TR DR R I AL AR BEHAR A Sy X 7, HLIXP AR &, AR T AR R &, e
P ) B AR ok /N B X2 o 373 e ALK W) 7 (1 i Y R P BELAN B TR R P AR A, BB S A AR [R5
AR RO L G R T K. X ULE 1 R TR R R vy, R B PR IR AR P e, AT
A5 AT PR R S R B g PRI Y, T R AT ] A L AR5 8 (S )~ [l B A AN B TR E R AR AT AR 1, 2R ]
T RL TR BB RO T AR B A RO RS R R, TR T SEI TR T O AR R AN K
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Figure 4. EIS in overdischarge state
4. BRURES TR
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Figure 5. Primary battery EIS
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Figure 6. Internal short-circuit EIS with 10 Q resistor in parallel
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Figure 7. Internal short circuit EIS with 5 Q resistor in parallel
7. 3K 5 Q AR R AT RIS

3. &T DRT K3 RPHHIERA R
3.1. SFRAEFE S HAIESS

TER ST 7R, B2 BTG (EIS) AT PAIX 43 2 B (R () 3 B B 2t FE (23] IRk, “H8
A ZERRSE 7 )2 T oA o e [24]. SR, PR e S ) i), RO JCE B g hn ] LAUA TR
— B BHPTE SR, JF B A AR L Ao S I B S RO R R . T
X B AN STV R, IR ]2 A (DRT) 77 1548 A T Bt At .

VE R BRI AN T, S PRI 18] 23 Afi (distribution of relaxation times, DRT)i%EE. % LA K BN B &AL
P — AT ETCERE, DRT V2 A% U FUAR R JE TS0k A 2 55 BE Bt 5 e 8 15 21 B 4 b % 42 1) DRT
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PRA, M L2 SRR AR A Py BELE I TA) O N B 0 A, R AR5 AR O AR SR R e e f B s =
DRT %] DA R 7 125 i 1) o SO 1) F AR S MO A, TR e RS L ) LATARFAEAE ENS AR T 11 ]
HAEAE T AR E B i DGR, RS RORERIRN, & SEUR G @R EIS fif#H[25].

3.2. R ET DRT 9935 R MAiLscis

A 7 ) P o X T AL B4 B 3 T MATLAB ~F- 4 (1) DRTtools /475 2148 B yth ot B2 5 1) 49 45 %%
i,

3.2.1. A[E SOC THI$RE 3t AT 5776

PRAE Zhou FAIRTF AT HS (1 5t TR T 18] 345 49 AT [21], A SCHKe 5th R IR 8] 3 A 43 M an B 8 1) S1~S4 DU 47
AN X L — AL AT FE . ST VAR T BT, S2 e Fi@it SEI BB, S3 AHIMAS
HebHHt; S4 ARKEFHT.
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Figure 8. DRT distribution
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Figure 9. DRT with different SOCs
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BT I O AR R A KA A, R AT LTS F i Rk G BT RE S SOC (138 K S s/ N e i AP 1 K

3.2.2. FEHUT HOERER jth St FRETI8) 90 7R

1) T%

R T 5 1 R AS A Ak 6 A PR ) 4R A 1] 10 BT, BB )3 2R S T I st R B 18] 49 A P 7E
S1 ¥4y bt RS HIIRIT kN s 7 S2 343l % o RS R IR kb s 78 S3 B 4r bl % i 7RG 1)
TR0 {E S4 R4y BEAE I FERAS MR RE In, IR S2. S3 #Ar AR LSS, XU, TEIG MY
o5 BT R Ak T A0 R 2 ) R B A BEL B AE S 7R S N 2 R %, {H SEI HR S T I O R I AN K,
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Figure 10. DRT for each overcharge state
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Figure 11. DRT for each overdischarge state
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o SRR P K RR 28 L 7T A

3.2.3. bR T HYSE R bt FRETIE] 4375

B R A S N LRI AS TR AR A R St RN 8] 73 A 40 ) 12 Pfraas, AN R] P R BROIR 2SR St TR N 1) 231
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Figure 12. DRT under short circuit in Li-ion battery
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