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SOC estimation of lithium battery based on improved unscented Kalman filter
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Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China)

Abstract: Aiming at the problems of low accuracy and poor stability of unscented Kalman filter algorithm in
estimating the state of charge of lithium battery, an improved unscented Kalman filter algorithm based on
singular value decomposition is proposed on the basis of the second-order model. Firstly, the mathematical
model of lithium battery is established, and the battery model parameters are obtained by the least square
method with forgetting factor. The identified model parameters are introduced into the improved unscented
Kalman filter algorithm in real time to estimate the charge state of lithium battery and compared with the
unscented Kalman filter algorithm. Under DST condition, the simulation results show that compared with
UKF, the AAE of SVD-UKF algorithm is reduced by 3.29% and the RMSE is reduced by 3.78%. Experimental
results show that the SOC estimation accuracy and adaptive performance of the improved algorithm are higher.
Keywords: lithium battery; state of charge; forgetting factor recursive least square; singular value
decomposition; unscented Kalman filter

I#s B EA: 2021-09-07; Y EME s ds B EA: 2021-10-27

EEWA: “T =108 BP0 H (20168765 ) ; TLAE 5T AL RHFAIHIH H (KYCX17_2060)
TEH /I 2/ R (1998-), B, b A, BL-LARFE AL, Lol Jr ) A B SR 5T T B RE 15 % -
BWAEE: T 4 (1979-), B, IWHTMTA, oz, W42 S, HF58 07 10 P8R R AR R R AR



106 r L

202341 A

0 51 &

Bifi 5 L AR A 1A, X i T 0 11 fi FlE 2
PIVERERFSE I 2, BB H i iy T 2 IR A%
PEsAR 2] Tz H o R Z (state of charge,
SOC) it 5 i Ay HA i 45 B R 4% (battery management
system, BMS) A5 ZE4F 55, MEAf Ak 112 L v 19 oy
FE RS XF T F0000 P e %) 3 % PR S B L T A 0
1 AR PR R G ) e 4 BAT E R

BT SOC At 24 3 25 HHa
2 TR PR ) e i BRI ) | Ak (9
IR 20k (extended Kalman filter, EKF) 41, J¢
R R IR & B8 I 5 (unscented Kalman filter, UKF)P!
), BRI S (M g kO 48 ) o Bk ity
AR, FFREHL Hvk i I EgHL 5 SOC 1%
R, AT LAARAS SOC MyAl A, (HIxX Rl oy A&7 2 it
PREFRRE, JOIEE R SEPr T, LR RME R T
PAIIE SOC IR EUF FE AR AR Bl i ik 22, =
FOE IR ZEBCEMR . P R-RIR S IR A M)
BURTFLNEA AR L M R B Z 0 T = B, FEAS 5
Af AR 2R . UKF RS tAe ik, Fl
FH TG 7 480 5 AR SR A i, s B 1 A T LA Ry
K rifbinzs . 5 EKF ML, EREA e m Al
KR, BRI T E, HARRERUERES Y i 209
IEEPEMTA B0 AR R, WM AT
T HL I N R A AL, BT LA A HL T A L e L
T AN B R A T ML) SOC, {H 52K & 14K
Pt 2], XA A B 2R T

XL RN R, 22 R T AR
DAL 3R W ok £ =y £ FL it SOC MG ARG E . R
75 WU P T — P - T [ H R 3, A R R A
BRSBTS, IS A,
FERESEB MK Sage-Husa B4k 51648 I
254, TEEAE R o RGNS R A A
1E, ITii$E R SOC Atk . T4 ME PIIR T
— P T AR B TCIE R IR 2 s B, R T A%
SRR AR, BT RIRZE R B R
W BB Il R AU OV T R oK 2 g R
FURPEAE A, 3 T —FhBEALIL 30 ok U8 I 5
25, I ES R LR 228N T 17 A,

AN T A H T Y R S T AR R, I
FFRLS FATEL AR R S S0 B kot ry ik
T & S {H 4 f# (singular value decomposition ,SVD)
A T R 7K 2 I FH T R st i RS A T, B LR R

TRy 22505 0 1 3R 1IE E B UKF Bk98 A
O ST U R L AT L Gt = REN S LI K i
1 ERMERRSHIHR
1.1 SOC HIEX
SOC Sz L3 T 4% Hh g 1541 FL Aoy i 174 ELAAL Y,
TR
s(t)=s(o)—f’ﬂ(7t)c”x100% (1)

o s(O)—WIRIRAE T SOC HIME;

O— LA 1

n—IERRCR, W B=1;

1(t)— TR L
1.2 $EEhFYIRE

At 5 FEL S iy FEL PR S P T A 7 L b %) S A5 A

R AR (18 g 37 R AR ) PR Y S A B | S
KA TATPELL R S BORR A AR 3 N5 %
T R BT RC RS | i 4 A 7
1 PNGV £ 8 . RC &I Fl PNGV £ & $ 5 T
BRI R BE, (HARIE I T S B0 B R 4, gt
TRIRIET R, BeAR A S e i b ) Bh S . 275
KIS, ARSCRA T % RC s/, i 1 s,

C, C,
+7) = +72-
R,
R, R, N

e :
+ U

UT

1 ZHEgETRR
Hrp U, A R B, Ry Ry AL
FH, C,. C, M ALHLZS, Uy A e b i Hy i, AR
PR T FE R LR R

SOCy+1 1o 0 SOCy
Uit =(0 e 0 ] Ui |+
Uz ks 0 0 e /Uy
nAt
0
-4
Rl(l—e l) I + wy 2
A
Rg(l—e TZ)

SOCy
Upp=(0 -1 -1 )[Ul,k ]_RO[k+Uoc+vk
Uz k

s Ae——RAE A



5549 % 55 1 4]

B/NR, A ST IO R R S U A B LA RS A T 107

RC HLF& I ) 3 1
71 =R|C1, 72 = R,Co, LAY SOC 1 (1) A3k
5, RGNS RIS o, v IIE R 0, T 25 H
O Ro
1.3 £F FFRLS Bi& 60
R T B R (A B B, 7 BORG X ASEARY
SR THER . AR SCRH FFRLS By 7EL AN
AR R S % . FFRLS 3 ¥k 3t F fr /) 3 ¥
(recursive least square, RLS), il i VEF5 516 I S 4K,
T S 2 2200 R/, (H X
RESHOTE Z AT ZA 2 I s . AT
SEHR S8, X ek EAT T ok, 58] T
BB/ . FERAE R, B D TR
SN, BPER A n. RLS Bik4w 4D
PN, FECRBURZAWIE R, T4 RLS 55
PR BE, 5 st R of IR 5 T A A R
HEARN R
H(k) = b(k)p(k) + e(k) ?3)
(k) =[H(k—=1),--- ,H(k—n),u(k),--- ,u(k—=n)]  (4)
e w (k) H(k)——k W25 S
0——THHR IS E )
e(k)—3EN 0 e
FFRLS H3E 18 I8 A2

T\ T2

P(k-1
K(ty = — 2= Dotk
A+ @ (R Pk —1)gp(k)
e(k) = y(k) - ¢ (k)B(k— 1) )

k) = 0(k—1) + K(k)e(k)
1
P(k) = E[I—K(kxoT(k)]P(k— 1)

Ao K(h)——fe/h 325

P(k)y——W 7 2005

A——ist R, AR 0.97,
1.4 RESHR5

AR SORE LI AR A A, i EE R 5 T 3% e )
ZAVE M H o R S Ty G AR 4
R R>

1+13s

Uoe —Ug=1I|Ro+

(6)

1+7s
¥ (6) AUREPET:
T1T2U0c52 + Upcs(t1 +12)+ Upye = T1T2R01SZ+[R1T2+

Ryt + Ro(t1 +12) s+ (Ro + Ry +R2)1+T1T2U0S2+
(T1+T2)UOS+ Uy (7)

Wia=111,b =71 +T2.c =Ry +R| + Ry,
d=R\1)+Ry7| +Ro(T| +T2), ’ft/\ (7) A5

ancs2 +bUycs+ Uy = aR()Is2 +dls+
cl +aUys* +bUys + Uy ®)

B

o= x(k)—x(k—1)
T
5 x(k)=2x(k—1)+x(k—2) ©)
s = T2
45 (9) AL (8) 3L, Fefb g 2507
_—bT~2a
T2+bT +a
[Uo(k=2) = Uoc(k—2)]+

Uoc(k) = Uo(k) = [Uo(k—1) = Upe(k— 1]+
a
T2+bT +a
cT?+dT +aRy —dT —2aRy
CT24bT+a T2+bT +a

aRo
—— (k-2 1
TabTra &2 (10)

% (k) =[H(k—1) H(k—2) I(k) I(k—1) I(k—2)],
0= [k k k3 ka ks], Frfr:
—-bT —2a

T T24bT+a
a

T T2 bT +a
cT?+dT +aR
T2 +bT +a
_ —=dT -2aRy
T T24bT +a
aRy

T T 4bT+a
ASCIRALR TR E] B R 1 s, PR G L b A AR (1 2
BN

I(k)+ I(k—1)+

1

ko
3= (1)

4

ks

ks
Ro=—
0 kz
_ Tic+ TR0 —d
o
RQZC—R()—R] (12)
-0
C = R
]
Cr=—
2 >
Wt (12) X ATFELHHR —Fr RC AR £4S

e, YRR R WE 2 B, i EE L, AR LA A S
B IRS & R R K I, R TS0
H5LPRE 2R R, Bk TIRERE ., hT5l
A FFRLS #.3k, Zad— Bt g, 21350
RERS PRI SOT R E . K PHERSEEE R A AY
REFR, RAARFE LT SOC k5.
2 £T AUKF B SOC tHE
2.1 UKF &%

5 EKF ARG, UKF MR P8R FR AL, ]



108 r L 202341 H
0.010 0.010 0.010
0.008 0.008 0.008
< 0.006 s 0.006 < 0.006
< 0.004 =0.004 <0.004
0.002 0.002 0.002
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
t/s 1/s t/s
(a) R, HEIHLER (b) R, FHRAER (c) R, HEHLER
300 000
400 000 |
200 000 }
. 200000 | .
= 1100000 |
0
i 0
~200 000 |
. . . ~100 000 ' ' '
0 200 400 600 800 0 200 400 600 800
t/s t/s
(d) C, HrRZER () C, FHRZER
2 FFRLS 2#{E&HA%ER
FHICI AL A5 3] — AN [ AU E #Y Sigma 5 K &8 i 4) M) SET, T & I %0 R G B AS (A
T A RS PR R B R, I BESRER SRR T gy,
R GRS MR o0 A . UKF G 1R 2= fm)
FE R A B, $ e T AR TR BE, D T A ] 0
NI 2 _ ) f( i
JELE P SR RS T R A i St = ) o im0
=0
{xk=f(xk—1,uk)+wk (13) n
Vi = hxe.u) + v Py = Z WP ® ) = Xk E gy — Xk + O
UKF &3k A R F =0 (17)
1) XE v e : S =
R RS 5) WS 7
0= 0 . .
14 o by
{Po = E[(x0 — %0)(x0 — %0)"] (14 Vit = DX k=1, 200)
- . LU (18)
2) XPHX 21 4> Sigma RAEAL: Vik-1= Zwm(l)j’;c,k—l
xO=%i=0 i=0
D=2+ (VI + DP_1)is i=1~n (15) 6) IR 2 5 RIS #5 HHT
XD =2~ (N + DPi_))i, i =n+1 ~2n Li= Py P)ylk
3) TR L RAE AR AR ) w ‘
o A Poi= 0@~ )Gy ~Fiean)
" A+n i=0
2n
©) _ _ 2 = D)y ai A i A
We ™ = A+n +(l-a"+p) (16) Py = ch( )(yk,k—l _yk,k—l)(yk,k_1 _yk,k—l)T + Ry
i=0
W _ ) ) 1 19
W, Wy 2(/“_”),1 1~2n (19)
. /\2 708 iy /“ H
SE oot B 7 B (R B 7 2 5 Ama? N RERERBTRER:
= P SV N = — L -y — 20
(n+0)—no BT EAHIVER 0GR, 0% £ =Ret + Le0s— o) 20
B = 2; e T R A AM RS J 3 a1, « Pic= Prjer = LiPyy il @n

AT JHSEL, W Bk = 0,

B H AR Y RS T R (2) 2B A (13) =, 58



5549 % 55 1 4]

B/NR, A ST IO R R S U A B LA RS A T 109

R E S R 2 5, T LS B UKF R & B 2009
SOC il FE
2.2 SVD-UKF &%

UKF B35 1Y 55— 20 S 7 Fi— I 20 AR A AR
PAT TG A e, IO A BT B H Iy 2556 P
PR . TR AR AR FH 7252 Cholesky
AR, E SRR 7 HUTE R I 2 SR T AR
FESLPR TOUF, By 22560 P ] 68 DR Sk A S0 M s D
THEGRZE M IR IR, IS 308E R .

AT PR E R R, A SCR A — AT A
SEAE AT R R TE I R R 2 R, AT S 2
— Pl AR R ik . BRI R R

P=U-S-V' (22)
Hrhperm, UeR™, VeR™, VT e R™" S g%l
yiaa

() e

L FF H=diag(ar,az, - ,ay), ai,az,-- a5 H 1E
B, MR PR — X R IE 8 AR R, JiRE VR U
A, IERCH LT IEA:
P=U-S-U" (24)
R LA, K (15) NSOy InF
xO=zi=0
xD =2+ (Vn+ );UVS, i=1~n (25)
xD =2 —(\n+DUVS, i=n+1~2n
Cholesky 77 it A8 4 Ry 45 B 4 il e, S P
AN I E B, TCl AR AR SR W] LLIE & #6147, fRIIE
TN ERE RS, 5 T AR NRE .
3 Kot
31 FEEES SOC
ARSCUIARFRZE N 3.2 Ah BB BR B AR 3ty
RS . BARSHE N 1 s,

*1 EEMSY

. PN R A
ZERLY ki A bR EE R "
" AL
R 3.7V <10
18650-3200 mAh 3200 mAh W42V <40 mQ 6 A

TEZEWRIAEL T, FISCER [12] BT #Y HPPC 52
65 Y0 2 L b 1) T 5% R ORI o 45 SR A Matlab,
SCIRAH NI 8 45 SOC, I L 5 SOC i 47
MG . SR HE RS SOC KR, lE 3
FR

U, /v
L0 DL W A
ruoonuoioo—io

0.1 02 03 04 05 06 0.7 0.8 09 1.0
SOC

3 U,-SOC Hizk

3.2 SOC HEE X
% B B L AR S PRI T LR S 2,
ORGSR A R, A SCR T B ZS R
i (dynamic stress test, DST) #417 SOC fhi% . 7EHK
L0 R FL R AT AR S, SRAE TR 1 s
DST 40 T #4 F i S50 w17 8, 1. U i AL IR 1
mE 4, & 5 R, B 5 IERRFR SR, TR
2N GiR
45

4.0

35

(VA%

3.0

2.5

0 10 000
t/s

4 DST THaNHEEE

20 000

0 10 000
t/s

5 DST THIAERE
¥ 1.4 TELHHRGE R ICA UKF #il SVD-UKF
Bk, [FERI IR L SOC B A C S SOC Witk
HM 0.99, WIHATI T 22516 Py=103E;,5, 3L FEME
T 22 Q=10 °E;, 5, 5 1 75 P J7 22 Ry=0.0001,,

20 000



110 ERIEENIIFEN 20234E 1 A
T8 2o S 06 A A5 B Fh R X SOC A B2 R, N o3
[ 6~181 7 B ;‘(' S
AAE=2F (27)
1.0 oy N
— e S
RMSE = N;(S,-—S,») (28)
o Horp i AGERT], S0 SOC FLYAH, §; SOC A
S 05
b2 HAH, N=20000,
DST T4 T, M 5 3 ) MAE., AAE D J&
RMSE BXJ b anEe 2 Frs o
. % 2 UKF,SVD-UKF &X MAE. AAE. RMSE Xttt
0 10;500 20000 Ak MAE AAE RMSE
6 SOC EHEIZ% UKF 14.18% 7.21% 5.36%
SVD-UKF 6.39% 3.92% 1.58%
0.20
—— SVD-UKF 4 %}i5% 2% N
018 - UKF #4122 i % 0] 51, SVD-UKF i B Ere M WL F
0.16 -
ol UKF, 5 UKF #iLt, SVD-UKF fiy 5 K4 i 5 2 %
% on | 67 7.79%, FHI4 KRB WRME T 3.29%, 17 kin
=
S 010 | LREART 3.78%.
g 00y 4 GRIEB
004 | ASCERHESE UKF AL SOC F7 R A
0.02 | FEAG TR E ME 22 A ) L, 7E I i e T AR AR

7 H@INREHLZ

& 6 " LIFE H, 78 DST T.o0 T, MR B L
PR IR2E, MR B AR b S A A R,
UKF LR R, T UKF SR RRIRIEAE
e PR IESE, (15 8 P 45 R AL HL, e S B R s
T—Bf e S AR iR 22, I 7 TA,
UKF A4 5%F 1R 2275 FI7E 0~14% Z (B3 30, 1 SVD-
UKF R ZTE 0~7% Z Al 3l . TR LR,
SVD-UKF 8 B 5 vy, WSS B P, T UK 4 2
BARH AT R

oY) INERUN N AR I = R OE RN i

SR8 RZE (maximum absolute error, MAE) |

S AE X% 2= (average absolute error, AAE) Pl &1
MR 2 ( root-mean square error, RMSE) X P Ffi .
BHEATVEAL . =3 BEUE D, EWCE B A
KGRE# S . MAE, AAE, RMSE WIS 40F
MAE = max(|S; - S;]), i= 0 ~ 20 000 (26)

Fefih b, By s i B/ ek s B 2

B b, 380 TRIRIKSFE . 4% SVD-UKF T

H, Yt A7 RS B9 Al T, FELRAIE UK A 50K B2 1 [A]

I, A5 P 7 2255 1 P AR AR T 5E AR SR 7T DL o3

g FORIE VIR AR E M. il B TS T

M1, SVD-UKF 1§ AAE [% fik 3.29%, RMSE [# 1%

3.78%., FEHRM, 207k I AL S UKF Jri BT

R AL TR BE, W 2 SRR 2K

S 30k

[1] WANG X, XU J, CAO B, et al. A Kalman filter SOC
estimation method for lithium-ion batteries based on discrete
wavelet transform de-noising[J]. Journal of Xi'an Jiaotong
University, 2017, 51(10): 71-76.

[2] T4, X3, 225K, 45 R T LR FIJCHE R 2K 2 R
B L SOC A8 kg (U], LB T2, 2020,
31(15): 1823-1830.

[3] MENG J, RICCO M, LUO G, et al. An overview and
comparison of online implementable SOC Estimation methods

for lithium-ion battery[J]. IEEE Transactions on Industry
Applications, 2017, 54(2): 1583-1591.

(FEE 130 1)



130 r L

202341 A

B LA BTG P AP 2530, R, BT ik
WOIR XTI 2 R P —RE SR ), R S
R BRI T IE IR ZZRIR, IR S, &
HE— AR T7 T AR A T 0 T

Sk

1] EREpk, 4, QL 45, 275 T8 M A I Ut ek T 9 ke - A
A RREDTE T (3], IR, 2021, 47(5): 123-128.

21 M, T4, H =i, S SRR S i B PR bR v AE LT
PERA A EFAE 1], RIRZ Tk, 2007, 27(5): 109-112.

31 BRAIB, SUTHE, INE =, 55, BT CFD 48 A iRt it it
TR PR, PR, 2019, 45(7): 87-91.

[4] ASME PTC18-2011: Hydraulic Turbines and Pump-Turbines
Performance Test Codes[S]. American Society of Meehanieal
Engineers, 2011.

[5] ZHENG D. ZHANG P Y, XU T S. Study of acoustic
transducer protrusion and recess effects on ultrasonic
flowmeter measurement by numerical simulation[J]. Flow
Measurement & Instrumentation, 2011, 22(5): 488-493.

[61 KNS, AP, SRR, 85, 8B A I s TRk i s S A
PERERIATSE (1], SRR J17%, 2011(3): 60-65.

(71 KRFEPE, 85FF, 5KJUTEE . 8 P I ik b 4 R 25 X T A 4 B0
HUERBFSE [J]. DU TRE244, 2014, 50(4): 18-24.

(81 WA, 5ki%, KEPIFY, 46, AT It RSk 2 AR EE XTI
TR A 0], KHRAE2AIE, 2013, 46(9): 776-783.

[9] WANG B, CUI Y, LIU W, et al. Study of transducer
installation effects on ultrasonic flow metering using

Advanced Materials

computational fluid dynamics[J].

S TS S S o S S S o o S S o S o S S S S

(EH256 110 1)

[4] XUBR, X268, MR, 45, 5T Vmin-EKF #9307 21 i 4
SOC fliit[J]. ¥l 5 YL, 2010, 25(3): 445-448.

[5] ZHANG C, JIANG J, ZHANG L, et al. A generalized SOC-
OCV model for lithium-ion batteries and the SOC estimation
for LNMCO battery [J]. Energies, 2016, 9(11): 900.

[6] GUO Y, ZHAO Z, HUANG L. SOC estimation of Lithium
battery based on improved BP neural network[J]. Energy
Procedia, 2017, 105: 4153-4158.

71 RMTF5, BKEE, G AR, 45, 3 74 f e e R A B A i i
Jrik 3] BHFHAR S TR, 2019, 19(14): 201-206.

(8] FERERE, WS, B A, S5 JLT 3 N TG R /R S ki R

Research, 2012, 629: 676-681.

[10] CHEN D S, CAO H B, CUI B L. Study on flow field and
measurement characteristics of a small-bore ultrasonic gas
flow meter[J]. Measurement and Control, 2021(31):
002029402110075.

[11] QIN L H, HU L, MAO K, et al. Flow profile identification
with multipath transducers[J]. Flow Measurement and
Instrumentation, 2016, 52: 148-156.

[12] RIS, 275 T8 75 S Rl B A 0 B SR oY
[D]. HU: WL K2, 2016.

[13] SARSNG, E 3, 9. 22 75 B A Ui i AR O 12 S L e
FEAAT (3] ARV R4, 2010, 31(6): 1218-1223.

[14] LIU Z G, DU G S, SHAO Z F, et al. Measurement of
transitional flow in pipes using ultrasonic flowmeters[J].
Fluid Dynamics Research, 2014, 46(5): 055501(10pp).

(151 SKAIDE. RS A T AR 73S PR 5T [D]. Ko Kt
K2, 2011

[16] ZEER . 2275 T I A 2 e G SRR BT ST [D]. iR
DB AR R, 2010.

[17] LYNNWORTH L C, LIU Y. Ultrasonic flowmeters: Half-
century progress report, 1955-2005[J]. Ultrasonics, 2006,
44(4): e1371-e1378.

(18] XWEEAE, PRI, 8 S3C . Y& & it o) ) 2 gn 454 5k
EAS[I]. TR EN, 2020, 46(3): 12-16.

[19] TR, W id, Et, 55 RHAZGE A Wit TR AE AR
SRS [I]. AN R4, 2012(10): 2307-2314.

(YRR 1540

R LT AR T L0]. AL T HLRBHE R, 2020, 40(2): 58-66.

[9] TN, 2P, BN, 4. 2L THud SR-UKF 8 13h )
Hi it SOC Bk &Ml (0], TRER} 4254k, 2021, 43(7): 976-
984.

[10] BEJT, 28405, IR 4E A, 45, FeFolcbhr Fug il AV EL B T Hi Tt
Tl A Fan i (I, EER, 2021, 47(7): 148-153.

[11] DONG X L, ZHANG A P, JIANG J C. Evaluation of SOC
estimation method based on EKF / AEKF under noise
interference[J]. Energy Procedia, 2018, 152: 520-525.

[12] B3, Fh 4. F B A i A R S BRI 53 (0],
Hh AL C AR SAR, 2016, 36(22): 6254-6261.

(#miE:EA



