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Abstract: Objective In order to address the issue of inadequate accuracy in estimating the state of charge (SOC) of
lithium batteries using traditional Kalman filtering algorithms, this study proposes a fractional order robust unscented
Kalman filter-based unscented Kalman filter (FORUKF-UKF) method for SOC estimation. The estimated value of the
lithium battery’ s state of charge is denoted by Ry,,. Methods An adaptive genetic algorithm (AGA) was employed to
identify the parameters of a fractional order model (FOM) of the lithium battery during dynamic stress testing (DST). The
FORUKEF algorithm was proposed by combining the unscented transform (UT) technique with the Hoo observer based on
FOM, and the SOC estimation was jointly realized with the UKF. The UKF in the joint estimator realized real-time
estimation of the Ohmic resistance R, in the battery model and fed it back to the FORUKF algorithm to estimate SOC.
Finally, comparisons and verifications were conducted with extended Kalman filtering ( EKF) and fractional order
unscented Kalman filtering (FOUKF) using Beijing dynamic stress testing (BJDST). Results The results showed that the

FORUKF-UKF method consistently achieved the highest estimation accuracy in the SOC estimation process compared with
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EKF, FOUKF, and FORUKF, demonstrating better robustness. Conclusion The FORUKF-UKF method has better
accuracy and robustness than the EKF, FOUKF, and FORUKF algorithms in estimating the SOC of lithium batteries.

Keywords: state-of-charge; adaptive genetic algorithm; fractional order model; fractional order robust unscented Kalman
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Table 2 Comparison of errors for FOM and IOM

Fyap/mV Fryge/ mV
FOM-AGA 6.5 7.9
IOM-AGA 11.3 14. 8

4 i SOC kit
4.1 FORUKF

RS 6l IR 2 (UKF ) 38 3 1 L A vk R B T
A FRFIE RS B, fE FOM A 3ERE B FF UT 2R e by A
5 Hoo LM #5454 42 H FORUKF 53k, 1 Hoo XL
T IR T T AN e R 1) M 7 RUAS WA 1) ) 4 AR

B H SRR S G A S e/l . Ramazan'"”
PR Y Hoo 31 REUEIE A5 (HEF) RN AT .
o, =f(x,,) (10)
PizszPk—lFZ'"QkaFk:;lf (11)
oh

K,=P,H'(H P, H +R,) ™" H, = (12)

R, 0 | |H, .
R,q,‘:{ }+{ }P; [H, I] (13)
0 —yI| |1

i, =i, 4K, (y,~h () (14)
Hk

I]R;{ } (15)
1

Horp &y FORARSE AT, P, 278 UR 22 P J5 22 1 13
I, K, FoRIE B A, 1 Fn AR, F, AL H, 357
7 RS T A R Oy R 2 1k A A 2 A A AT LG
yAE(<E

X T AR R G RE TR A

P,=P,-P, [H;

k+1
x, =Ax, + Bl - ZKjxkn—/ to,.,

i=1 (16)
yi = Cxy — R, + U+,

Hor o, Fil v, FERARAS RS FIULI I

FORUKF ) FE 23RS RBAT .

(1) #bate., wlafkthr 2 P, MIRIRESE &, 3
MR 2 Q, AL 1 )7 2 R,

(2) HEHL Sigma RAFE S A EE

xk—l =%
X =%, +/(n+A)P,_, ,i=1,2 - n (17)
xi—l =%, =/ (n+A) Py i=n+1,n+2,-+ 2n

B Xk, % 3T FORUKF-UKF #42 &3 SOC 3k & 1H#9F 5 103
BTN
A=’ (n+k,) -n (18)
A

Wy=—- 19
= (19)
W= L+l 74 (20)

O n+A B
Wir=w;= ! =1,2 2 (21)

i i_2(n+)‘)’1’_ 9 <~y 20

Hr a=0.01,k=0,8=2,n MIRELEEL,
(3) I ] BT , K SR a5 S A AR S PR AN k=1

ZME 13 k )2
x/lk :f(k;f-l ’uk) (22)
(4) JeBAdh, ARSI EE R &, FPh 2 P,
=YW - YK (23)
P = ang(@ 2 wri) (%) - 2 W)+
Z(me) ZW (xk Z‘ "m)
> S Wi - D W) ) KT+
Zka,(xk,) (K) " +0, (23)
(5) fr%ﬁmtﬂfﬁ{ﬂﬂﬁ
ykzg(x;}auk) (24)

(6) FHHLRMIHIL 57 b2 PiP

= 2 Wi (25)

2n

=Y WeGh -5 G -5 + R, (26)

2n

Py= ZWﬁ(fc; —%,) (7 =y " (27)
(7) i Heo Y38 (4)—30(9) , 155 K,

R, O H,
R ,= + P/Z[H{ I]:
’ 0 —I| I

R+P, P"
(28)
Py —yI+P,

K,=P.H,(H.,P.H,+R,)"' (30)

(8) FHORSRIIE R I 22
P=P-[P} PR [P} P[] (31)
i, =%, +K, (z,~z,) (32)

FeAEHudl http . //journal. ctbu. edu. en/zr/ch/index. aspx



104 FRIWMAFERCERBFR)

%41 %

4.2 R, fhilsgEmE
B R P Tt ) R S el T AN TR A i R
WChE e BH A 23 AN AR Ak, ZEAGSRD SOC 13 A% e SE A B
B LR R, v LAEAR 1Y SOC S e, R, AAh
R
Ry =Ry, to,
U,,=U, ,~U, ,=U, ,~R, I, +v,
R, WM 7 #2 v i) U, % SOC Be5E R, , MM
M k=1 BFZIAY9 SOC 1 UKF B3k 58 i, s 2453 R, 1Y
SR
4.3 FORUKF-UKF j#ifi
FORUKF- UKF ) £ Z B W E 6 frw, 78 X
(2)—=(3) MR 2 B A T 38 i FORUKF 8315
) —A~ SOC i, FAE (10) AR A5 23 [ ABE AL 3 ik
UKF A58 R, , IR SR A8 46 09 R, K5 1R SOC
B B R o SR PR e 2 S B SOC AR B,

WILH LS E

SOC RS2 ] AR 7Y

FORUKF

‘ﬁ'ﬂ)ﬂﬁ# S0C .U, .U,

Ry R |

e T TR HoM | e
390 Sigma |, [UT B Bom | Jsorias] | MR | g
1 g sigma s ] AR gz

6 FORUKF-UKF &%iRiEHE
Fig. 6 Flow chart of FORUKF-UKF algorithm

5 GURAIR

Sk e Al T A B 2 i CALCE L it 58/
ZH M\ INR 18650-20R Hth (1952 55 HP 3545 19 BJIDST T80
Bl SR BBy B (I BLERR) 5
AN RIS SR AT L8, TR /A L fit
T 0~0.8 Z[AJAY SOC X, 1M SOC IR T 0. 1 &I
W, BT LAERE T HLMBAE 0. 1~0. 8 Z (8] SOC Keds k4T
BE, [RIEE A T R RS UE 2 SOC 4 ) 46 (B AS HE i
B, A5 R B BB AR EE SOC AT T A R0k FE B E T e
R, SOC FBILRELE R BB 1,

F£ BJDST T4 T %F SOC By HERG M EAT 5041, I
FORUKF - UKF 7% %] fY SOC {i 5 EKF, FOUKF FI
FORUKF J7ikAfiitay soc sifrtbis, B 7—’ 10 SR

THE BJDST THLF 4 FEIEAT RS SOC FlH HXT o i
b= M SR G S N SO N L 1 P < 0073 1| B =5l ) 4 Ol
FOUKF .FORUKF .FORUKF-UKF L) f% BELSZAH .

1.0

Measurement
0.9 —FORUKF+UKF
FORUKF
0.8 R —FOUKF
S —EKF
0.77
< 067
= 057
047
0371
0.2
0.17

0 — ' X103

tls
7 4 FEEMGITH SOC 3ttt
Fig.7 Comparison of the SOC estimated by the four algorithms

0.05 |
0 F;:'\’\

~0.05
) —— FORUKF+UKF
5 FORUKF
S _0.10 — FOUKF
g — EKF
o

-0.5
-0.20
-0.25 A . . . . : 1 X103

t/s
8 4 MEEMITH) SOC REXTLE
Fig. 8 Comparison of SOC errors estimated by the

four algorithms

42 r
—— Measurement
4.1 ——FORUKF+UKF
FORUKF
4.0 —FOUKF
— EKF

A%

9 4 FEEMGITHBESTLE
Fig. 9 Comparison of the voltages estimated by the

four algorithms

FeAEHudl http . //journal. ctbu. edu. en/zr/ch/index. aspx



Xk, & T FORUKF-UKF 842 w3 SOC B & fh i #F % 105

%6 4
0.051
O b
-0.05
— FORUKF+UKF
= FORUKF
5 -0.10 —— FOUKF
___ EKF
-0.15
-0.20
-0.25 : L L - L L . . . I X 103
o 1 2 3 4 5 6 7 8 9 10

tls
E 10 4 FEEEITHREREL
Fig. 10 Comparison of the voltage errors estimated by the
four algorithms

K7 & 8 R T 7E BIDST T F 4 Fh g fhiit
SOC X LEIE L, & vl LLFE 7 I B AR 1 SOC
WILRAE J5 , 4 Fh 553 259 0T DL 3% 7 82 3 D {3 2
FORUKF - UKF & if 5 5 {6 1Y 3 B & R, JF H
FORUKF-UKF 7E£fiit SOC Y1t #& b b EKF  FOUKF |
FORUKF B #:3h B9l . & 11 R 7 SERfliitih R,
AR fE 2k, vT LUE R, M E AR, B e K S
AGA FHRMR R 2 1Y R, (EIEAHER, 0 T 3 B0
T TS B R B B T AT SOC B
¥4 %% 22 (MAE) A3 7 % 22 (RMSE) , 41 &
3 fos,

0.085 1
0.080
0.075

0.070

R/Q

0.065

0.060 |

0.055 |

0.050 ‘ ‘ 107
0 1 2 3 4 5 6 7 8 9 10

tls
11 R, KfEE

Fig. 11 Estimation curve for R,

®3 BEERAEBMEIIL

Table 3 Comparison of accuracies of algorithms

SOC & £/% W R £/ mV
MAE RMSE RMSE
EKF 1.33 1.49 11.8
FOUKF 0. 81 1.09 9.4
FORUKF 0.67 0. 89 9.1
FORUKF-UKF 0.53 0. 67 8.7
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