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Real-time SOC Estimation of Lithium-ion Batteries Based on
Fusion of EKF and Improved DELM
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Abstract: Aimed at the poor estimation performance of single algorithms in estimating the state-of-charge (SOC)
of lithium-ion batteries, a hybrid algorithm which combines the advantages of deep extreme learning machine optimized
by the aquila optimizer (AO-DELM) and the extended Kalman filter (EKF) algorithm is proposed for the SOC
estimation of lithium-ion batteries. First, the recursive least squares method with forgetting factor is used to identify the
parameters of the battery model. Then, based on the data under a high acceleration cycle(US06) condition, the
AO-DELM is trained using the current, voltage and various battery state features extracted by the EKF algorithm as
input and the actual SOC as output. Finally, the trained AO-DELM model and the EKF algorithm are used to form a closed-
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loop real-time SOC estimation system. Results show that
compared with the EKF and DELM-EKF algorithms, the
proposed AO-DELM-EKF algorithm significantly improves
the SOC estimation accuracy under four dynamic conditions,
with the root mean square error not more than 0.49%.
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estimation; extended Kalman filter (EKF) algorithm; aquila
optimizer-deep extreme learning machine (AO-DELM);
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BZ T 2~3s, RUNZIREGHIEIE D ER S SOC 1k
THRE B2 R T oA IH AR 2 nit e, JFH,

AR T R TR R — B THHEAL(CPU 2 is-
8265U, RAM Jy 8 GB) 517, PHIHATHTEIPF
fli A 20 o X PEY FR AR, AT R AO-
DELM-EKF #.:4¢ EKF BILTEAR T00 T ¥4 W
WRKSEESET, FEERE M SOC Al AT HAF
HEBATE

* 1 AREEZER SOC fHit#ER
Tab. 1 SOC estimation results of different algorithms

T4
T EHTER EKF DELM- AO-DELM-
EKF EKF
RMSE 0.016 5 0.005 1 0.002 9
UDDS  MAE 0.016 1 0.004 0 0.002 1
PUATHIE/S 96691  11.8822  11.9716
RMSE 0.017 3 0.004 6 0.002 3
BIDST  MAE 0.016 9 0.002 6 0.001 4
PUATHIE/S 105543 12.8557  12.8697
RMSE 0.016 5 0.005 8 0.003 4
DST MAE 0.016 3 0.003 5 0.002 6
PATRTEls 110376 134516 13.5011
RMSE 0.016 8 0.006 8 0.004 9
FUDS MAE 0.016 5 0.004 4 0.003 6
PUATREls 107546 13.0268  13.088 4

3.6 XftbH Al SOC it i

it TR T FAE SOC At T it
ett, ¥ AO-DELM-EKF %415 3Cik[24-251 fiF
PEFR AT A TR . SCRR[24 186 TR 7 HF
BRI A FEph 22 M 4% PSO-RBFNN(particle
swarm optimization-radial basis function neural netw-
ork), # 1. UFN T VENHA , FL52 SOC 1ok i,
HATBAE IR ST SOC At SCRR[2511 1 H
1d W JC i R /R 2 38 I AUKF(adaptive unscented
Kalman filter)55 75411 SOC, AUKF HikZ54 T
UKF 5 H i B P $2 R . PSO-RBFNN H ik 5
AUKFRE R 5 T 38 sl 2 AR 7R 2 i ik
TERER, NHEZ , WO L SA SO T Y ik it
Fxfbt. 26 2 tha2e TASCRIMG TR 22, it s by
F 20, TEARRIAXT L TOLT , ASSC R AAG T
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TR ZE M T PSO-RBFNN %432 5 AUKF - %
. T PSO-RBFNN &%, AO-DELM-EKF &
) AO-DELM i A7 EKF Sk ) Fa b
SHASHFIES L, 1T O I b PR RN o6 o St A T
RS, HE5E#H) AO-DELM-EKF #ykH5F 1
MU, JC# T, 3RS UAFUERY) SOC fiit . AUKF
R EREOL T UKF 33k, iR LR 2R W i
VR 22560, E—L N TR R, S
WA RESSEEE TR e k2, NsEm
SOC Al e AIAEEE, 1 AO-DELM-EKF
¥kl EKF 23 AO-DELM i 504T 55,
FERRAR TR E A2 B RIE, PRE T 3 4r Ak it
PERE -
F2 fLHEHAE XA SOC fHitiRE
Tab. 2 Comparison of SOC estimation error with
other algorithms

Xif e T PONEA=RT MAE RMSE
PSO-RBFNN4 0.002 3 0.003 1

UDDS
AO-DELM-EKF 0.002 1 0.002 9
ST PSO-RBFNN 0.004 9 0.006 2
AO-DELM-EKF 0.002 6 0.003 4
AUKF®! 0.006 4 0.006 9

BIDST
AO-DELM-EKF 0.001 4 0.002 3
AUKF 0.008 1 0.008 2

FUDS
AO-DELM-EKF 0.003 6 0.004 9

4 Z5iE

AR T SOC MYfbiHEEE, AL
P T 1 P45 A EKF k5 AO-DELM & 24
IR AT ok Ab TR L SOC, B 5%, FIH FFRLS
FfEMHER R )y RC SRR RS HL, 1E
UDDS L& T i3 H s pHR iR 22 Al 100 mV .
Hk, it A0 Bikifk DELM IS5, 155
T BHAEKHUMEE /1A AO-DELM #%, &5, ¥
Hi3 7, U F EKF S04 00 e S e v it sh A4 1
SR AO-DELM YA ARFIE , #E57 T HI3R )
SOC SZHME TR, SCgGah LI, 7E SOC #IMH
B BLT , AO-DELM-EKF 35515 4 Fhsh 16

UE T4 N MAE . RMSE 2350/hF 0.36% . 0.49%,
AH%T EKF &% . DELM-EKF B3k K A4k 2 fh 3
AT A AT R B . B, ZERALS
T EKF S8 R F AO-DELM R A7 fEER
PEIGREST, BA Zn TR M E.
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