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Application of improved D-S evidence theory in fault
diagnosis of lithium batteries in electric vehicles

XIA Fei'*? MA Xi'?,ZHANG Hao'*”, PENG Daogang'**, SUN Peng'*, LUO Zhijiang"*
(1. College of Automation Engineering, Shanghai University of Electric Power, Shanghai 200090, China; 2. Shanghai Engineering
Research Center of Intelligent Management and Control for Power Process, Shanghai 200090, China; 3. College of Electronics and
Information Engineering, Tongji University, Shanghai 201804, China)

Abstract: In this study, we used the improved Dempster-Shafer ( D-S) evidence theory combination rules based on
the neural network to construct a fault diagnosis process for an electric vehicle battery system. To avoid misdiagnoses
and missed diagnoses caused by a single fault diagnosis method, we applied the D-S evidence theory combination
principle to determine the result based on the back-propagation ( BP) network and radial basis function ( RBF)
network fault diagnosis algorithm. However, to overcome the defects in the D-S evidence theory in dealing with
highly conflicting evidence, we propose a D-S evidence theory combination principle based on an improved neural
network. First, we apply a neural network to perform a preliminary diagnosis regarding battery failure and the
accuracy of the network diagnosis. Then, we distribute indefinite information and construct a body of evidence. We
also introduce a support matrix of this evidence to determine a new weighted body of evidence. We then integrate
the credibility of every focal element into the D-S evidence theory combination rules to fuse the neural network body
of evidence with the new weighted body of evidence. Lastly, based on the decision criterion, we determine the
failure state of the lithium battery system. Our simulation results show that our proposed improved D-S evidence
theory fusion diagnosis method is effective in the fault diagnosis of electric vehicles with lithium batteries.
Keywords : fault diagnosis; electric vehicle; lithium battery; improved evidence theory; information fusion
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Fig.1 Improved D-S evidence theory based on neural network Li battery fault diagnosis framework
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L, 3 WIS W T (A2 W A 2R R i =2 (R 1)
SRR I SR TR P IS R B, B AR T b S R B
Xl S5 AR | [R5 T TR AR B A
FNLA F H e o8 POIEHE Z 18] 9 R 5 fE e 2
[] , & BAT RCHUR) F b 28R B9 A G B, AR S
AN B A B T — Bt fE B AR TR R R,
KRR THEEERA HAR A, (3R X T Hir
Ay FIA SRR RIRERE G B Bap AL B T w545
B RE 2 R RS BE A AR AR AR B R T 1
FIFF AR RS R Wt SR 1 AR 2 iYL RT
AT AR SRR s 1) e A R RO W RO S S B
T,

2 4R E S B

AT SCHTA , 41 RS S 50 5 % 31 R
PRI I 85 R A% ol 8 2 AN A o PR B R S ) 2
MHR—Z W L W B ASH P, b B
ARG , SR A SCHE A et D-S iESE B e
il 7 L BR L T RIS W, A,
FH BP il RBF 1 5 [ 26 o 4L et 3t 20 3l itE A 7 00 2 12
W, B P 12 W 45 A 15 BRI AR m ) om, o TR
AUEHEAAR Z [8] 4 S 3 PR AR 2] my om, BYIAUR B,
I A I BGIE S A m' SR 5 16 24 B v 2%
BT BAEITE AR B, 780 IR T U4 ) ) — 2K
PE(E B AP (5 8, A 24L& B, JF 4 Rl A
S, AR R SRR D) 1 0 e e P PR S 1
2.1 HEMEHEISHT

HL L 2R 0 B 2L I RS R A A D |
PIBHIE R (SOC Wi/NaE 3 B, AESCBRiZliTh o T3
7N UM T RS A T L Y DE RS X
4 P BERRZAS39iC M Cell_Norm Cell_Cap Cell_Rt
Fl Cell_SOC, ##1HH SOC K 80% , n] IG5 Cell _
Norm , Cell_Cap ,Cell_Rt , Cell_SOC4 Fiiik s S AU 1) H,
FILAC R Ny s I EN SR S 2 A L - L 8 SRS T AN
WAL A3 fifk A5 B4 R A SRR AR AR Nk 3 R 4

B
R3 SOC A 80%M &X Bt EEFSHEEEA—K
Table 3 SOC = 80% energy values of various types of

battery voltage signal normalization

HJERER{H  Cell_Norm Cell_Cap  Cell_Rt  Cell_SOC
E'(3,0) 0.506 0  0.5046  0.5020  0.487 2
E'(3,1) 04054 04023 07298 03758
E'(3,2) 0.4007 03971 07337 0.378 8
E'(3,3) 0.4085 04057 07212  0.3853
E'(3,4) 0.4005 03969 07340 0.3786
E'(3,5) 04003 03968 07344 0378 1
E'(3,6) 0.406 8 04035 07247 03827
E'(3,7) 03980  0.3942 07384 0.3754

&4 SOCH80%HEXBEMBEEFSHEET K
Table 4 SOC=80% all kinds of battery temperature signal

energy value normalization

IREFRERIE  Cell_Norm Cell_Cap  Cell_Rt Cell_SOC
E'(3,0) 04914 04893 05349 04827
E'(3,1) 0.1154  0.1149 09801 0.113 3
E'(3,2) 0.0076  0.0076 09999  0.007 5
E'(3,3) 00132  0.0132 09997 0.0130
E'(3,4) 00391 0.0391 09977 0.0390
E'(3,5) 0.0048  0.0048  1.0000  0.004 8
E'(3,6) 0.0009  0.0009  1.0000  0.000 9
E'(3,7) 0.1015 0.1015 09844 0.1015

AT EL B R G B T A T A ) 2 T
AR T —FhEE T BP I RBF 28 W) 45 1) i
D-SIEHE ST, FIFH BP M4% F1 RBF 45115
TP NAE/IN AT S RS R T
VR FEL Yt 4 P B bR A P R R B R 1) 3 o
YIZEAFE] BP F1 RBF P25 ) 45 A5 R | % H, b g s
AT 2 W, Cell_Norm , Cell _Cap , Cell_Rt . Cell _
SOCA g B UL 12 W7 19 2% v 1) At 43 531 P 2K 2
(1,0,0,0).(0,1,0,0).(0,0,1,0).(0,0,0,1) %
TR,

£ BP P2 5 rh I 2 R AR L-M AL AR SRk
(trainlm) , %% 2] %4 0.3, H AT &SR8 8, i 19 A
4, M TREENT ST 2 Wk A R
M), {E2 T A AR e B o U A SC o it 22
B0 AHRBRS J2 0 S8R 17, R BAE T 2 17 Bk
U, R A A5 N 12 Wi 22 19 K/, gl 2 i
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No BEEEW R HIBEE N 9~ 18, WK LI
MR 22 W iR 2 R a5 J2 19 R T i ik
A AH T O 18 IR ZZRIG I i LIZE &
JEVNZRIIRISE N R G B R S R RN 17,

0.16
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¥ 0.12
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¥ 0.10
= 0.09
0.08
0.07
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RS BT Ak

2 JIHREEREETREXR

Fig.2 Relation between training error and hidden layer

node number

1£ RBF #1 22 4% 1 spread J& RBF 14" J& 3k
J& i 28 T RBAE X i A ] it T 7 5 7 DX 7 A e
I, KK spread (2 FEOHA ERYHRME, KHTE
RBF M3 fEH AN spread {E#EF 7245,

DI — e (E . B> A % spread 205110 1~4
Xof FHL Bl 2 A A T2 T, R 2 iR 22
LN 3 iR, Y spread =2 B 4% i i 25 5 /N
W E RBE W48 50 A % B R 2,

0.040
0.038

1.0 15 2.0 2.5 3.0 35 40
spreadff

B3 JIZIREL spread HHMX R
Fig.3 Relation between training error and spread value
i3 AR AN Z5 0] LAS 2 5T BP M
RBF #1228 W 2% HY 12 W 5L B R 2 0k e 26 280 g
TEEAS T AN 2l R i WA Y 15 31 BP i 22
P25 H RBF 122 W 2% )12 W 45 2R, sk 5 M3 6
Fs

R5 BPHAZMKISHER

Table 5 Diagnosis results of BP neural network

5 BP 12 6 45 (1 i 114 LR SR
1 0.055 1 0.004 5 0.000 1 0.460 4 SOC Jg/IN Sy
2 0.980 4 0.000 9 0.0159 0.001 5 E# EH
3 0.000 2 0.000 1 0.999 1 0.000 0 PRI BEL3 PATBELE R
4 0.001 4 0.986 1 0.000 2 0.993 8 SOC /N SOC J/)N

% 6 RBF #HEZNEKISHER

Table 6 Diagnosis results of RBF neural network

Fes RBF #4122 12 (14 i 113 B R FFRIE B
1 0.074 0 0.6319 0.250 3 0.377 5 R Eos- ey
2 0.792 3 0.117 4 0.209 8 0.261 6 EH EH
3 0.002 4 0.004 5 1.124 3 0.010 7 P BRI R A BELIE
4 0.1313 0.481 0 0.264 9 1.028 4 SOC v SOC /)N

5 ATLAE ] R AT BP W4 W4 77 LB 1E
4 Y RIZ IR A — YRR I2 T R A D
HIRE 7 SOC Wl | 3K 2 M iz 47 N B %k v e £ 9 L
FEATUAL , MifE BRI, fEjm 3 e, mAR
HRAE BP FHZ 2 ok 75 T IE R B kR
(R 20 I 24 TR X O A o 228 O 4 i S (O B ok
FIREMS 5E BRI 5 288 70 0 B fE, Il e ¢
BURPIWTAFAE AR ENE

TR 6 AT LIA #, R RBF #1282 7 1k
B, BARTE 4 YIS RZ T rh | ) TR0 T Ha Sl )
SEBRISRIAH — 25, {2 AT HE M AR R R BRAR &
XA P FEL T B SR ] BP MR 48 7 e AE T
— PR A (A R 2R AR ) | I A e R
WESR ] RBF R 28 X 28 J7 345 Hh i) e o 2 78— 7
IER . AEXFE L2 T, LT 2R A D-S iE 4 B
VSR 7 VR R 25 W T AN () 1 f it 5 5 8 o T 4%



. 534 . B/ e &

2%

FZESRE, NS e 2 L b il B2 Y
2.2 B D-SEEEICRAISHT

MRPEASSCHE Bkt D-S IEHE B K X BP 4if
25 L5 RBF 148 W 45 ()i Wi 45 SR 4k sk b 52 W,
FRAE 2.1 T A5 0, BP #2845 Fl RBF 128 o 25 7
Xof L P 2 e U D 3 — il R S AR A T ) I R R
TAR—F, WA /NI L3 o D) 4% 5% L P 9l 7
/D 2 W SR A T Rl G2 T

16 2.1 W 25 BP A1 RBF 1 Fh i 45 /) 2%

XPERLHL AT R AL 2 W, TR 28 I 25 12 T Y I
iR AT (2) RS2, 5k R, =0.358 3,R, =
0.4359,

L L P AR R S U A R E R Uk
P BH 3 K SOC /N RS B R A, R 8 5
(1), LA 45 3] BP F1l RBF #1285 /) 4512 Wb 45 1
HYFEARME T PREL m, Al m, , N 7 Fiow, Horpi=
1,2,3,4,5 43 5IAR 2 T 22 e st A0 SCBRARZS A IE
ZEEIE N BHEE K SOC W/ NI 2R

x7 BHAERDRETHIEREE
Table 7 Evidence of battery capacity reduction
m,(A;) A, A, Ay Ay As
m, 0.038 0 0.003 1 6.889 1x107° 0.317 2 0.641 7
m, 0.024 2 0.564 1 0.081 8 0.123 4 0.206 5

Sk TR INBGIE P A, iR 20 (3) ~ (6) 7T
PIASE] m, m, IR BN R %L B, =0.437 1,
B,=0.562 9, FKIE (7)), AR T m, .m, s
UEYE B IMBGEEAR m’ ,m' (A,)=0.030 2,m’' (A,)=
0.318 9, m' (A,)=0.046 1, m' (A,)=0.208 1,

m'(Ag)=10.396 7,

FEAFEIINBGESE A m' 5 4 e 1) D-S UEHE
FISZ A HUN, 51 A R T 1Y 15 4T 5 5k 43 fic o 28 &R
B (14) ~ (17)H5E, aT DA B m, om, LK
m,m, Flm'BRLE SR, N3k 8 FR,

RS Mk D-SIEIEEIEHMAELER

Table 8 Fusion results of improved D-S evidence theory

A m(A,) m(A,) m(A4s) m(A,) m(As) F e 45 2R
m, @m, 0.028 8 0.492 0 0.060 4 0.286 3 0.1325 EaS e
m,@m,Pm’ 0.020 4 0.571 0 0.046 0 0.310 9 0.052 6 >

H12E 8 FTLLE B X m, Fl m, Z80ik D-S HEHE
HISRA IS, HAR A, () SRk, R
0.492 0; R SZHF AR J& H AR A, (SOC 18N |, 32
R 0.286 3, HARSCHFR2E(H N 0.205 7, Hidla
ARSCHY AN | 1T LI 5 0 e 0 g
k>, AASIBGESR R m' )5 RARE R B Mot D-S iE
FEHEIB AL A 3 ZAUEHRA (m, Dm,@m' ) BG4 R [
BERR HAR A, (R R 1R R R,
0.571 0; HRSCRRR K J& H AR A, (SOC /M) | 32
R0 0.310 9, W& Z A 258 M 0.261 0, ik ol

D-S IEYEEIE Al (m, ®m, ®m') B F E 45 5 Jy i
A T2 s RAS T He A 8 RS | AT
S 2 ATRTLAE Wl e AR, 5 B s A, (A=
W) B R 0.492 0 FFFR 0.571 0, A7 R %
fh HAR SRR /N, L, BlA R I2 W iR
SERL L B —I2 W 1 IS kS BE 5, 2 Wi 4 SR N
A HE TR R T ROHE 4 D-S UEHE B 6 414 R0 2
e P SR L T

WA SO R H A, D-S SEYE B I R Y 12
W sk SR 1 HL g, i 9 RNk 10 fiow

®9 D-SIEREBICHHASHMNAEERILE (m,Om,)

Table 9 Comparison results of the improved D-S evidence theory combination rules (m,®m,)

WIRZS m,(A)) my,(A,) my,(Ay) m,(Ay) m,(As)
D-S IEHEHIE 0.032 1 0.481 1 0.069 3 0.242 7 0.174 9
k[ 12] T 0.041 6 0.409 8 0.031 3 0.295 4 0.2219
SCHR[ 13 ] 7 0.049 9 0.413 1 0.075 5 0.267 6 0.194 0
k[ 14] T 0.024 3 0.364 4 0.052 5 0.183 8 0.375 0
SCHR[ 157 7% 0.030 2 0.418 3 0.060 3 0.225 7 0.265 4
SCHR[ 16 ] 778 0.031 8 0.433 1 0.062 4 0.237 3 0.235 4
SCHR[ 1777k 0.042 8 0.464 9 0.067 1 0.292 6 0.132'5

AT 0.028 8 0.492 0 0.060 4 0.286 3 0.132'5
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HH 2% 9 I, S/l A PRSI (m, @m, ) ,
SCHR[ 12 845 D-S JEPEHELS A AR, BRI A
TP & R BN, (H LA 25 TS R K EAR, SCik
[ 13 TR AR SRR A K, A6 52 B g FH b X A ER
VERR T BCAT SR 2 2 vk (i Wi vy, SCHR[ 14 ] i 55
PRl A SR R HbR A ORI EBER ) S RRRROK,
90.375 0, XA SCHR[ 14 ] 1977 Hofs v 545
SBTERA AN, X PR g R Aok T, K
PRI RILIN] | SR A SCHIR [ 14 ] 5975 5 0 B R A Tt 19
BEASAY . SCHR [ 15 ] K b 5245 2 43 T 465 2R 0 T ) 72
FERETR, UEE 5 B v S i il 5 SR AN R AR, STk
[ 16 ] 7EAL S ph oS b i | & o 5 28 22 Ak iE e $R it
G B REHEE B bR, WA IESE L& B, G 45

FRG R, STHR 17 A5 08 T Rl N 208 T
258 DR AR U I A R, i T w2 A BT
G S R AR RIS e, A — P, R T A
TEFIZE B LR i hot HA A, B R AEIR
AR, ERCIEAL b AR SCE NS R B &, R
SRR A E T RS UEHE B A R B, X g A R
HATEH AL, [R5 T R SRR A A R OT
FEAERE , R # B Hh &, 5250 R A 2ot 1l
UGB RS T wh o g2 oot b & 25 R s, xf
A (IR SERPRIRE] T 0.492 0, Al G 25 R X 4
REJm I s, RIAA 7k B R0 A &
MRS T2 SR A ER M

®10 D-SIEFEEILHHHASHAMAIELERILE (m,Om,Om’)

Table 10 Comparison results of the improved D-S evidence theory combination rules (m, ®m,Pm’)

WIREA min(A;) mix(A,) miy(A;) min(Ay) m iy (As)

D-S iFHE i 0.026 7 0.563 3 0.054 6 0.257 9 0.097 7
SCHR[ 12] 73k 0.039 9 0.452 0 0.041 1 0.238 3 0.208 7
SCHR[ 13071k 0.051 3 0.443 7 0.080 0 0.205 9 0.219 1
SRR 14] J7 75 0.021 7 0.380 4 0.040 5 0.189 2 0.368 2
SCHRL 15] ik 0.026 9 0.457 8 0.049 6 0.235 1 0.230 6
KL 16] 77k 0.029 1 0.486 5 0.053 1 0.252 6 0.178 7
SCHRL 17] 7k 0.047 0 0.505 2 0.073 0 0.322 2 0.052 6
A5k 0.020 4 0.571 0 0.046 0 0.310 9 0.052 6

A 10 T LU HY, 2384 st e SR 4 )5, R
3 450EHE m, @m,@m' @A, R LR LR 5 k]
DA e b b 2 m RS SR AR SCHRE R
MRS M A IMAGIEE ARG , BAR A, B HRR
R, NP ARTEFE (AR 0.492 0 H8 i E] 3 4k 4
R[5 0.571 0, HAHREFEAR T HoAh B broxt e 23R i
T, HZRREKEP Hbn—A, A, I H%
Z 2 MNAlE W ZAEPE R R 0.205 7 BImBE 4 3 %%
MEPEARIY 0.260 1,34 K T 5 —HERME 2 HbrSC R
RIGZEA, EHAR A, B SRR By S | R il
AT TR E AR S I e

H G AT DL 3 3 386 T AGIE 5 7 DA K el itk D-S
Bl HLN A4 5 3, — 5 T X P 2 AR B R T A A B
SYBC, RE R ERS W vk I R R R e R B
HATEL, A T INAGIE S A, B G T — B
P R h A5 BB RE BE 43 0 45 oA 190 45 ) 5 55

— 7 TSR R A, of s 25 UE B ) 451 #E T H A ik
FEal 5 BE A AR 2 A KL v Sy 25 R T TS 1 {4
JE R AT 5 £ TT 0] il G 45 R R S e (A5 i 412
WrZE R TERG A AN SCAY SO B 0 (R I A BTk 3
—HEAE BT b RAR R, B S A B Y
WS BTSSR HORE R | B SRR

3 HAXiE

FET R 2 PR A P Y B ) R AR M RS B
P ASCHR S —FP 3L T BP 1 RBF B 28 9 28 11 i i
D-S LSS BIE B R2 Wi 5 ik . ATTIA B el il BP
I RBE 122 [0 2 Xof B L b 3 e e s 1) S R A7 400 25
LW RS W IE 50 R ER 0 A B E A5 B B AL
HUEDE A HE AL A 03 TE pR B, SRR SR A
JEHE AR, AR OB B I BGIE SRR, 25 2] e
AL TUESE Z 0], WAF e T A Rl R T 2 6]
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