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Fast preliminary sorting strategy for retired batteries based on pulse voltage
frequency domain features and internal resistance

Wang Yuhang, Huang Haihong , Wang Haixin

(School of Electrical Engineering and Automation, Hefei University of Technology, Hefet 230009, China)

Abstract: With the development of the new energy industry, how to deal with more and more retired batteries has become an urgent
problem. Lithium iron phosphate batteries are widely used in automotive and energy storage scenarios due to the advantages of high energy
density and safety. It is one of the mainstreams of existing retired batteries. The secondary utilization scenario of retired LiFePO, batteries
is evaluated based on the health status of the battery, internal resistance, and other states. But, this process consumes a lot of time. In this
article, we propose to use the frequency domain characteristics of the voltage during the pulse process as the health features for estimating
the health state. Then, the random forest regression algorithm is used to achieve a fast estimation of the health state, which greatly shortens
the time for the sorting of decommissioned batteries. On this basis, this article proposes the use of an abnormal parameter identification
method based on Gaussian distribution to evaluate the abnormal internal resistance of retired lithium iron phosphate batteries. Through
experimental evaluation, the maximum error of health state estimation in the selected 15 LiFePO, batteries is 6% , and the proposed method
can effectively screen out the retired LiFePO, batteries whose internal resistance does not match with SOH.
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Fig. 1 Open circuit voltage vs. SOC curve for LiFePO4
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Fig.3 Diagram of the health feature extraction
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Fig. 8 Flow chart for rapid sorting of retired batteries
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Fig. 9 Battery test and experiment platform

P L ZE A Lk T R BR AR A R it T R L
R 1 FL R SR EL Y 1 25 R, R OOR R A LFP L
T .
2) FEARBCE i R A 2 e, LA 0.5 C LK R A%
LFP HL B 10% SOC , #HE 10 min J& it fin bk v
3NVEREAIE2) , HERL SOC=10%
MHFEZABE ), AENA R LFP U RRAE 32 5
45
FEHLIERL 280 B 1% LFP Hi w3t 9x280=2 520 41
Bls AE AR SCIIGEE S T4 15 19iR1% LFP it
YERARSCH IR E S, N T RUEA SCHE 1 1R % LFP
FL 3l PR 4316 T 58 1A R, AR SC4r I HE 5 SOH 11
HHIEHE A SOH R Ak 1 S35 P4 BHL L b B A = Fh A
FE R,
3.1 MEXESH
SR b AR SCHR ) 2 Bk HF 5 i SOH S B H 2%
RIRPER R, R T EEP4F FP 5 SOH Z Al (4
KA AR B T AR RS SOH M AHC R 4L p
(R(11)) . EEHBAIE Kol B B HF 5 SOH 43¢
REOT L SOC o3 BURK, 3 & i FHMEA R SOC T
LR A AL B AEAE 25 5 o T IE Bk op B B HE B A 2%
PRGN 2B BRI E B ke g &l 10 Frs AN
) HF 5 SOH AYAHSE R B SHEA bk b 7 v £ bk
M B BUL Y HF 55 SOH A EPEREIT 0.9, 1X 1
ASCHR A HF 5 SOH A RS AA EE, S2hr I, iR R
LFP H 3l 7 52 T 25 55 5 BORBE R UE T HF ARZEHF
B 2 R AH S, BT AAR SCR B RFR 83545 A 280 HF 4t
[ Ak T HL it 9 SOH
nYxy - X xdy
(nY " = (X)) Xy - (XN
(11)
K n FREEARRCGE ;o Ay 433578 FP A1 SOH AYME.,
3.2 Hih SOH BREMET
ASCHI 280 5B £ LFP Ha A R I 4 AR kil

p(XY) =

—a— SOC=90%
—o— SOC=80%
—4a— SOC=70%
—v— SOC=60%
—— S0C=50%
—<— SOC=40%
—— S0C=30%
—e— SOC=20%
—+— SOC=10%

40 50

10 R[] SOC F HF 55 SOH A G R 4K
Fig. 10  Correlation coefficients between HF and SOH
at different SOC

45 9 ARIF SOC X (8] F RFR A4, 765 2B A LFP H
KB SOC Ji , AR SCHRBGR % LEP H s HF i A I 25
4 () RFR BERYARHL SOH Alit1H

P it i 3 B Je EE b 7 i A R 5 LY SOC 6 &R
B AR SCAN A RE AR B AR b 1 K 2K SOC X (], 3 i 75
Jeik B FH F b s AR A L SOHL iS4k, W
b A9 A% Ak 2ok AR Bt T4 B A O 5 L ) SOH A
b S i1 i <Y 15 B 8 W v A SR g1 L R e
RHAT 55 F vl 1 < L fe S 5 T 1) A 4 | Pl o 2 RS L BEL Y
IR HER B BN AR 5 0k S i B E S E 4
Jb R e H N L RN B 02 B 32 B BH T 2 R A A
1B % LFP B 7E AR SOC /) HEF W 11 fias, 1E 1] ik
AR BB BEE HF A2 5] SOC AR %/ | 1 T 1f) ik i
B A2 1 SOC fsZIm X 2 i Tkt B P AN R SOC L
b S R R X A B Sl B S R AR 22 R R
B 11 AT LB, Uy BEE SOH Y FRAR 52 3088 fin#a 3 | 16
UE T AR SCHE Bk it B2 R R 4 S0 S8R (AL R HF 114 1E 1
P, B, U, FEARTE SOC N ABUEAT1EA W /Y 22
S OXIE T ASCHIE SOC RE X ] 1y B

1) AT SOC F Y SOH Al 80 T K IEAS 3¢ SOH
AETH 7V IORE | AL H 26 5B LFP B WufE Al 2k
£, Horp 15 IR LFP B 7E SO B 2, X e
b B ¢ B TR AR O A 25 82 ), LA 10% SOC A [1] B 4
HUOS I SOC T 1y HF 88 J5 I I 2547 1) RFR 5571 3K B
XTI SOH, 4niEl 12 fros A< SCHE 9 HF Rl 2
il SOC T AYIRAZ LFP HLM R SOH, 7E 90 s H1 A3y
PAREBUAIE R LEP Bt K B0 SOH ] LAAE Ay 0 1B otk 3B 7%
LFP HLth — ORI A 1 5%, i, SOH 7E 70% LAF
AR LEP H it AT DA A g 4% % 15108 ; SOH 7E 70% ~
80% HYAR Az LFP H vt ] LA i FH T B KT /N 7 2 Fl U
Y50, M SOH > 80% 11 H Jth m LA 1 FH 1 iff i | A%k



53

TEFU A5 ST kol PR AR A0 760 PAY BEL 4y AR A8 1 el PR A9) 210 3-8 SR g 221

— & SOH=0.64 —®
< SOH=0.85

SOH=0.55 — 4 SOH=0.62

> SOH=0.78 — & SOH=0.85 —*

v SOH=0.67 — & SOH=0.71
SOH=0.61 —*  SOH=0.88

Num Num Num
(a) SOC=90% () SOC=70%

238 N 30 f
[ mmEE st mEmEcKE |
2.0 i Ttrea, . |/

E16 i g 20 R S Y =

=12 / [’i 15
08 b 1.0 / b Z
04 2 &t f}"v"i ks 0sf, | EH f!;'."u.
00 e s SR L

0 10 20 30 40 50 0 10 20 30 40 50
Num Num Num
(d) SOC=60% (e) SOC=50% () SOC=40%
3.0
a5l REEERE SRR
20
=1.5

SN
osl T [ wn
0.0 2add

0 10 20

Num
(g) SOC=30%

Num Num
(h) SOC=20%

(1) SOC=10%

Bl 11 AF SOC K HF 7R EE

Fig. 11

MG 25, X TR % 5, SOH 1Ak itAs
T B ARATER(Y

AR, R T BEAS SO R AEAE R SOC R Ay SOH At
GEI RSO AMERUT 11 45 R4E LFP HL it R B R ad 2
REAILLHL J5 AR B HE

(1) B EAT] 58 5 70 550 R T Uk 3R A5 o 1 100 T Ay 25 1
THEAARL Y SOH,, SRJE B 1581 LFP H it 7205

(2) BEHLEC I —E B S E 1 h, S fkep (151 3)
HE 8K,

TEARSCIY) SOH Al THEms v, HERf 1Y SOC JCik7E 90 s
PR IFTRI N AR A, A SCR B S 2 B FI T SOC 1Y K 3K
X [a], SR J5 R X RE SOC X [ YT ZRFE 1125 RFR BLAY, i
JEB I ARAR 0 HE S AV ZREF () RFR AR B HH9
SOH i, W% 1 /R, Cell,, B SOH ftiifi% 2 & KN
6%, JFHARZECEDT , Bt SOH MfliitiR 24 3%
DAPY 33 PR IRHIE T AR SCHR M A4 ik ool e b e 00 3 R A1
REAZ AL TH LAY SOH, 78 HIWHR 1% LEP At fiff ] 17 5%
BRI 43 B, AR SO 9 3 T DA R A
SOC 1R %% LFP HLth , A SC 5 SR REA8 15 24 K a1 43 BE IS )

Diagram of HF at different SOC

—k— E5C
—— SOC=40%
—*— SOC=80%

—®— S0C=10%
—4— SOC=50%
—&— SOC=90%

—A— SOC=20%
—»— SOC=60%

—¥— S0C=30%
—&— SOC=70%

09 r

0.8 |

SOH

0.7 F

0.6

Cell

Bl 12 KA SOC Ty SOH P4
Fig. 12 Fast SOH estimation results at different SOC

FATT A



222 & L £ ¥ W ¥ 45%
F 1 [ SOC TH SOH R ITER
Table 1 Fast estimation results of SOH under random SOC
H5 SOH PR SOH ffii 4557
SoC 0. 83 0.74 0.65 0.56 0. 48 0.39 0. 30 0.22
Cell,x—0. 59
il SOH 0. 64 0. 64 0. 62 0.61 0. 60 0.62 0. 61 0.62
SOC 0.78 0.67 0.56 0.45 0.34 0.23 0.12 0.01
Cell;;—0. 58
it SOH 0.62 0.61 0. 60 0.59 0.61 0.62 0. 60 0. 60
SOC 0.96 0.94 0.92 0.90 0. 88 0.86 0.84 0.82
Cell,g—0.75
it SOH 0.76 0.76 0.76 0.75 0.74 0.75 0.76 0.77
soC 0.84 0.76 0.68 0. 60 0.52 0.44 0.36 0.28
Cell,,—0. 78
i SOH 0.81 0.79 0.81 0. 82 0.81 0.82 0. 81 0.79
SOC 0.86 0. 80 0.73 0. 66 0.59 0.52 0.45 0.39
Celly, 0. 77
it SOH 0.78 0.78 0.78 0.78 0. 80 0. 80 0.79 0.79
SOC 0. 90 0.85 0. 80 0.75 0.71 0. 66 0.61 0.56
Cell,, 0. 81
it SOH 0.82 0. 81 0.81 0.81 0. 81 0.82 0.82 0.82
SOC 0.92 0.88 0.84 0. 80 0.75 0.71 0.67 0.63
Cell,,—0. 81
it SOH 0.79 0.79 0.79 0.78 0.79 0.79 0.79 0. 81
SOC 0.82 0.73 0. 64 0.55 0.46 0.37 0.28 0.19
Celly; 0. 82
it SOH 0. 80 0. 80 0. 81 0.82 0. 81 0. 81 0.82 0. 81
soC 0. 80 0.70 0. 60 0.50 0. 40 0.32 0.21 0.11
Cell,,-0. 70
i SOH 0.70 0.76 0.75 0.73 0.73 0.76 0.76 0.74
SOC 0.85 0.78 0.70 0.63 0.55 0.48 0. 41 0.33
Celpps 0. 81
it SOH 0. 80 0. 80 0. 80 0.81 0. 81 0. 81 0. 81 0. 81
SOC 0.78 0.68 0.57 0.46 0.35 0.24 0.13 0.03
Cell,—0. 82
it SOH 0. 81 0. 80 0.82 0.82 0.82 0.82 0.82 0.83
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Fig. 13 SOH estimation results for different regression algorithms
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Table 2 RMSE of SOH estimation results for different regression algorithms
Bk RS 22 o 4 B2 M 4 AR 22 I 45 SCRF AL o1 25 I 4% BEHLARAK 1T
R 0.026 9 0.030 8 0.0410 0.0335 0.053 6 0.024 1
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Table 3 Internal resistance and corresponding SOH and SOC of different retired LFP batteries

IR H.5 SOH it SOH soC Ry./Q Ry /Q R,/Q R,/Q

Cell g 0.78 0. 81 0. 68 0.004 18 0. 005 01 0.002 510 0.004 71
Celly, 0.77 0.8 0.52 0. 007 64 0. 008 63 0. 002 780 0. 005 06
Cell,, 0. 81 0. 82 0.56 0.010 84 0.011 10 0.001 830 0.004 79
Celly, 0. 81 0.79 0.67 0. 004 50 0. 005 37 0. 002 650 0.005 16
Celly; 0.82 0. 81 0. 46 0. 003 66 0. 003 875 0. 002 295 0.002 39
Celly, 0.70 0.73 0.4 0. 005 33 0. 006 09 0.002 775 0.004 51

*4 AT EIEH LFP Bith R fE 2R
Table 4 Probability of accumulation of internal resistance
of different retired LFP batteries

SR Ry, Roq R, Ry,
Cell g 0.655 2 0.713 1 0.8339 0.984 9
Cell,y, 0.999 9 0.999 9 0.975 6 0.8119
Cell,, 0.9999  0.9999  0.0019 0.888 6
Cell,, 0.669 3 0.720 5 0.924 5 0.961 1
Cell,; 0.396 8 0.200 4 0.190 1 0.173 6
Cell,, 0.854 2 0.891 6 0.513 8 0.200 1
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