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RESEARCH ON THERMAL RUNAWAY WARNING
TECHNOLOGY OF LITHIUM BATTERY BASED ON
DIGITAL TWIN

ABSTRACT

In recent years, under the background of the "Dual Carbon" goal, the
new energy industry has been developing rapidly, and energy storage
technology has received widespread attention as an important support for
new energy applications. Lithium battery is favored in various fields
because of its advantages, such as no memory effect, ultra-long life, and
wide operating temperature range. However, lithium battery has thermal
runaway safety hazards in actual use, which may cause fire or even
explosion. Therefore, the thermal management of lithium battery,
especially the thermal runaway warning of lithium battery, has become
the focus of current research. Combined with digital twin technology, this
article studies the thermal runaway warning technology of lithium battery.
The main work includes:

(1) Firstly, the causes and development process of thermal runaway
of lithium battery are analyzed, so as to provide a theoretical basis for the
construction of digital twin model of lithium battery and the early
warning scheme of thermal runaway in the later stage. On this basis, the

early warning method of lithium battery thermal runaway is deeply
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analyzed, and the early warning model of lithium battery thermal
runaway is proposed, which takes the internal temperature of battery as
the early warning signal.

(2) Establish the electrothermal coupling equivalent circuit model of
lithium battery, obtain the temperature entropy coefficient of lithium
battery through relevant experiments, and use Genetic Algorithm (GA) to
identify the thermal parameters of the model. Based on this model, an
algorithm based on Adaptive Extended Kalman Filtering (AEKF) and
Kernel Extreme Learning Machine (KELM) is proposed. KELM
algorithm fusion of lithium battery internal temperature estimation
method. AEKF algorithm is used to obtain the estimated internal
temperature of lithium battery, and KELM algorithm is used to establish
the temperature estimation error compensation model to compensate the
temperature estimation results, so as to improve the estimation accuracy.
Finally, the experimental platform is built, and the experimental research
Is carried out under various working conditions. The results show that the
improved AEKF-KELM algorithm has higher estimation accuracy and
better robustness than the traditional AEKF algorithm, which verifies the
effectiveness of the proposed method.

(3) Construct the digital twin model of lithium battery, design the
thermal runaway warning system based on the internal temperature of

lithium battery, and carry out the digital implementation. 3DMAX
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software is used to design the appearance model of the lithium battery,
and Unity3D software is used to complete the rendering inside the battery
and the design of the visual interface, so as to intuitively display the
current operating state of the lithium battery and send an early warning
message when the internal temperature of the lithium battery is too high.
Sun Bo(Electronic Information)

Supervised by Prof.Shilin Liu

KEY WORDS: digital twin, lithium battery thermal runaway, internal

temperature estimation, AEKF-KELM algorithm, error compensation
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THERIRZOE T, EREE IR SOC 444, WEHl OCV EIA, I
ST i AW A AR B 55 2 SORAS FL b 1R R A AR 5

AR Thomas &5 AP 75 VA BEAT S8, i /E—E ) SOC 24 T,
AN A L R P AR RO B o FAR SR8 0 R ANR

a) Kl VB BCE AT 2 1) 25°CHE N EH & 1h
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b) LA 1C fE & HLL 78 L 2 H RS B T 1) 78 r AL L

C) DA 70 H 2 P VA A 22 A (9 A LB LR

d) £ 25°CHIFA I P X & 5h

e) W HIM PR LR 2 15°C, §HE 3h

) RS EZ R 2 5°C, & 3h

Q) K HIB ISR A 35°C, ##E 3h

h) K I PR BEIR B A 2 25°C, ## & 3h

i) LA 1CfEVEH 6min

O EELTRD B, F SRR AU EER R ST

W FAFRE T RE SOC 4 M A HIth OCV ZBhfE, FIF A

(3-7) HEATHAANE, WGSBS H b B Z SOC N iR R EUH .
OCV =a+bT +cT? 3-7)
o, OCV N &IEE T MM IFEE AR T ONHIMIEE: av by c NHiZiG
4.

KW BEE AT S, Wk 3.3 B, FERIAHE (3-7) X Hit T % B A
WRERAT 2R S, SR iR R, k25 b fE, B 338 25CF
HlHl OCV-SOC MKl #h)E, FIHAN (3-8) 1445 3 Hil e R HE 24T th
LA, RADSRNIER REBOMZ A 3.4 Pk,

docv =a+hSOC +¢cSOC? +dSOC® +eSOC* + fSOC® (3-8)

dT
#* 3.3 i ANF SOC Sl Z4LE T OCV k46 £l

B (eC) [HE (V)

SOC
25 15 5 35

100% 4.1780 4.1780 4.1790 41750
89.7% 4.0560 4.0570 4.0580 4.0557
78.9% 3.9430 3.9440 3.9450 3.9430
68% 3.8330 3.8330 3.8330 3.8340

57.2% 3.7420 3.7420 3.7410 3.7440
46.3% 3.6820 3.6810 3.6800 3.6840
35.8% 3.6390 3.6390 3.6390 3.6410
25.7% 3.5940 3.5960 3.5970 3.5959
15.7% 3.5390 3.5420 3.5430 3.5410
5.6% 3.4800 3.4840 3.4851 3.4801

0 3.2040 3.2180 3.2250 3.2180
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SOC

3.4 BH LR P R B 4G

3.3.3 A4S HEHRA

ASCAE 25°C TP HEAT 1C 1Hif e ORI SE, SR F i AE 7RO
AR P AT R A, SeAR B an & 3.5 A1 3.6 Pran . BT IX A £k
HY T R RAGR TR, A 3.7 Pl M T S HHE SR 38 A S0t fEL i
YIESHOEAT PR, B SIR R S0 TR T

AR 1 TR AR, HAREMEREEENSE, A
152 5 R BRI RIS AT R L B

DI 2. WHAIHRSHINMREE, BSOS 8 E TR, Uik
RS R & H AV B N BEAT .
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DU 3. WIaARPEE, JFBOE A B AR R BUE P ML 25 ket . Tt
SRR AR RIS N AR T2, P RS R DRI A N o B R B AR A2
BN EDR, WIRIRER, B, 2REiT T2

AR A4 RIEERE AL, Ik IR ERV NS HR IR TR, X —
RERE A RO 75 2 AL (1A% 7K

AUR 5 XSFPREREAT A M F A, BRSO, IR IR NME S
b AR REAT R L, SRR AR, IR BT G N

AR 6. AWEE L PR, BEREINGFIEMZ RN, ERENBEAR
R IAAE R

AL E BIE N RN (3-9) PR

n

13 - 1 _
f= \/H Z(Tin,k _Tin,k)—'_ﬁ (Ts,k _Ts,k) (3'9)

k=1 k=1

Kb, T R, oSOt 45 30 B 4 b it o B0 IR B AR IR T, AT, ok
FEL VS P AR A A RO 73 B P PN S L R R TR 2 s f @ N B ek B, f ),
IREEWNARE MR . ASCR B BE HIOERIRECN 150 K, HASHE R LR
"N ub =[10,10000,10,100] » % TR ~1b=[0,0,0,0] Kl 3.8 Syt Lid 2,

PIVESH i 22RO AR Q3K 3.4 P

44

1 L 1 1 Il L 1
0 0.5 1 1.5 2 2.5 3 3.5 4
1) /s x10*

K 3.5 1C fH it 7E A LB A HL T
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R 3.4 B A ARHES BR R

ZH Ri(K/W) Ro(K/W) Cc(J/K) Cs(J/K)
gER 1.0182 0.5892 75.4833 21.5071
34 KRE NG

AT 7R SRR, R RIS R (R R AT T HES,
B 7 BRI S, @A S s g e B i I AR B AT T A 1C
TSR LI A &, R AL A A ) A M 2 Bt AT 90l e
252 (1) AHL Pt Y RS A T BEOE 1 A
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415|35

AR EAE E SO B PR SRR LA, SR T AT B
PR RI/RZUEPAE (AEKF) SRR 2IHL (KELM) AHREIE 2 i A 3
WA TH R Bk, SR AEKF S5 14 Byt oy 30U B Tl v . LUK,
WITTE AEKF Bkt gl NiRZEAMENLH], R AT KELM R 22 FME R0 4
R Y R T T HE R T R BB IR JE, BRI G, EENRE
AT 2R LA, SRECE AR G SRR, W R REREAT A R A AT

4.2 BIERIB o Hh

421 BEN R FEREEZX

PN — R R R AR L R G0, AR R S i R OR BB AT
AMECLEAEN o AR, 3R R AR 2R BSA T WA AR B~ SR T T i,
R PR R IR 2 () T AR L MEAL, R ARG R K 2 PR SR MU R4S LAAE B A
s AN, ZMOFEAAE N EA K RRYE, RIVESEEIEBON T RS
Ao R M R e P ANAR R, AR ORI B b O - Tl s M A RE R B HERA V.
T ICRGRAN L, AR SCR R B R R R 2RSS . AEKF AR
TR RSB A DRSS, IS L A ORI BE R RIBUE,  SEBUR T F AL
PRI AL R, A2 DR 7 ZIERE, 2RO T HE i B A AR
Wt BJm, SIRAMA T Z LR 5%, ARYE e Ao 2h & 3 R g hid
R S R RS0 AEKF S92 () L AR TAE B IR0 T

AR Ik (AR T

— * *
{Xk =AL X T B LU o,

41
Y =Ci X + DU +V, 1)

b, AGBIREHBIERE; B 2RI C, RMMRFE; D, 2L

x RS HE; u ZEARE: y 2N AE: o 5V, ML EE

31



RT3

L o, RS o BAIRED T EZER Q MELIME, MEMS v, Af
WEWM T ZRIE R ANEEIME: Ths k5 k-1 LR AR BSRFER H . 454 3.2.27
o R AR AT SR A I R 3 R A

At At
RC, RC,

A=l o At At

. RG, RC, RC,

[ At (4-2)
Bk = C_c

0
C, =[01]
D, =[0,0]

IR 1 WIEIERAE: X, Py Qv Ryo HH, ARCWEMEEW T E

1x10° 0 . 10 0
= , Ry =10, RA&W T ZHEPR, = :
e { 0 1*106} ’ IR R, {o 10}

IR 2. B for k=1,2,....

WS
X, =A X ,+B U, +o, 4-3)
W REE DT 2ot it
Po=ALPOAL Q. (4-4)
AUR 3 METH
AUHTIRZE TR
& = Y- (CeX + DUy ) (4-5)

HIEN G Z R A E O RKEM 5k iRR, ALBREM =5,

WAK<M > Wh, =3 (ke )

1
k

mEk=M, )rlthk:% > (k=M +D&e&") -

k—M +1

I BV 7 A 3 2 B+
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R =h+CPC,’ (4-6)
ROR 1 G R R B
K,=PC(C,PC +R) (4-7)
KRR
X, = X, ; K, & (4-8)
T RN S P T 2 R R B
Q. =K.hK, (4-9)

QUBNR 2 e, RIAERAERSTA] K I, SERRULIIME 5 B A2 WA 2E, &R T
LATAI S R GRS BiE . O T RS HE A 3 R S sh A,
H I BT P T ZE R b TSR VRS s D N i, R DR S ROl M
ANEE . AR D, B AR AR P8 L R 2 H R AR I 2 R S 2 AT )
Fie, B K HidE D 6 28 oS BT S BRI i R 3 58 e AR, i
XX LB AE AT P YL, HARRE h o ARSI S, AEKF A
A I 24 T I 20 R O I At R AZ I X R GRS RO A T, TR E AR 4 S AL
R AN T ARG RE M AN R RS, R Bl L B R AL AR A S
Ry P A AT DL BRBE A THEL A A2 A, AT 3R iRy 1 RS A T B B PEAT B R

4.2.2 #RBRF SINE

MRAE 4.2.1 71 AKEF 595 R EE ] 41, 840 iyt AR A A5 28 1Y) AKEF 5
e, HAGTE RO R £ 52 SRR 2 401 o i T AN M R R MR PR . A T $E
T b, T A RS B R RR e M, ARSCTESE T AKEF SR SERS A
RZEAMEIRAT, FREHEET KELM SRR 2 AMER AL, oP 2 e it P 3503 2 70
fTHE AT IEIE .

KELM 21 ELM Al F N A B HO3AT Sk i SRR 2 S A 42 X 28 B
. BT ELM 2 522 18] i 5 R A0 2 RS #8 2 BENL A2 10, B DU R
G TN 25 AR R MR 2, 2R IS . Rk, 7E KELM SRR 4L,
K ELM J25 2 2 1] B B AL S 25 480 Ay R e 1 6 A PO A% eR B0, 358 1 AL )
EREEFZ ALY AR SGRBVE b R U . AR SRR B i
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(BT, o DB AR HAT, | fEA RS R AR, A L £
VRS O A . T KELM B 12 2 A A 0 F
ELM {4y 56 o] #0775

f (x) =h(x) B =h(x)HW (é+ HH™)™ (4-10)

X, h(X) NREUZE RN RE XN NS & HONBRE)Z A0 % e R
W ARE)ZE S 2 2 R AR S, | AT AR, C ONRERIKIE T R4
M. Mercer’s 21458 XAZHFE N

{Q=HHT

Q,, =h(X;) h(X,) =K(X;, X,) (4-11)

A, QAR KX, X)) iz

FINZ A, 1 DHE S5 KELM B R Ech
K(X,X,)

f(x)= (l+Q)-1T (4-12)

K(X, X,)
A, nONEEARANEL. R, ASCEPEN T Z 4R K% (Radial Basis Function,
RBF) {ENIZEL, BAAFEAAA

K(X,, X;) =exp(-S|X; = X;["),5 >0 (4-13)

A, SHEBSE, ERREEN C RIS S MU AT LU i 45 5 5 4
4.3 EF AKEF-KELM YA EREE AT RIE

BT BIERA R R R 2 IR A SRR IR 5 ST LR A Rl P L P
RS E TAE R B AN 4.0 fis . BAR TARRAE QR
(1) Jes Rl e itAE 25°C MERE L 78 2 RS, JFEFE 3h, MRJE1E
AN TR TR A 0 FEL VB AT AR TG L VR AR BRI A B 3 B R,
SRE LAY N7 DL R P S U P A T BT 5 1 S e e 4
(2) =T 4 ryth 1 A ARE & B AL, SR 38 AR VR N B B I 2 L
[R.C,R,C AT IR, AR XE BN 150 Kk, HESHHER LWA
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ub =[10,10000,10,100], #&= ~FRJ¥1b=[0,0,0,0]-

(3) Xt AEKF 5Lkt AT 2 500iatl, R SeRR U 24, iR i ia
JE . BRI DASR R EURN AEKF Skl o2 Fe jt phy 30 T A R T Tk
WEATIRAG L, A B TS THE.

(4) X KELM FERst T HIiatl, wEGTREC =100, %L RBF
B, KRS =03 [FIMF, REHCEE AR Py IR TS THE . 2R TR T
fETHE . EB S DU TAR AR DR ZEAMER R BN, IR A TR 2
YEONM Y, JCFEH IR EdE S, JFIR— R[] X RN . AERRRIZR ) s
r, BEALERL 80% LI HHRAE A VIGRFEA, Fl T 20%1F AR 4

(5) HMHINZREF ) KELM SRZEFMEER, Xt AKEF Sk mfs THE AT
BIE,  FFReR A St 45 R AT THE AN, 15 3 e 2% (10 A e it P B0 P A T

~

ETCARERSH
e2s o

AEKFEE AL

X~ P Q R,

REVG AN

U BT e T

K& 4.1 AEKF-KELM %535 J5 78 &

4.4 LG S5ER DR

AN T WA ST VR A R0, BRI AR BTS5-60-8CH HE il il i
A4 YKYTECH408L = Kia ik ss, ol EAREE T (15°C. 25°C. 35°C)
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Xof A5 I A 1C TR S B0 L AT DST Lk, DST AL s an& 4.2
Pios. SEUiE M 40Ah =Juiliaith, FRRRHEY 3.7V, KR IFEEHTY 1C,
HLTB AT A RS it FEUIRES s AT 20000 ZHEHEAF Ay st ¥dls, RAE WY 1s.
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FLILA
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I} /s

4.2 DST T.4LH

AR FAE G AEKF 5092 5 Bt J5 1) AEKF-KELM 5509273 sl E 4T 24 A il
PR EE AT & 4.3-1 4.5 /2 1C TER A To0 T & B G EER, E
4.6-F 4.8 /2 DST LI N & EEBAE AR, R 4.1 HAE T T & EEs A
BRANAETHRZE . SH% K 4.3-K 4.8 R SEIG LS AT A, B HOM PR R IR S R
PR TR, HATE 1C RIS BT Ut Py S IR THE 10~15°C AT, %45 R

b D B T A A R i PSR b B
H% 4.1 DU IE 4.3- 45 it 4R AT, 72 1IC HIRAA MR T T, 1%
Sift AKEF SRR T 52 21 L F0GRE G A 7Y i M AT 75 BT 5 LS IR R AR 22 1)
SO, FERFEMITIPIHR ER K BRARE, ELd 2Rz Ggda T
SEABAE TN, ASTHRZEAE 1.5°CULA . 8 5R 4.1 F11E] 4.6-14 4.8 fflitt4h
RATHL, 78 DST THLR, JLIAE 15°CH 25°CHEUL T, AEKF il {85 B S
MZERK, WRMITHRZEAL 1.5°CHEA, TMAE 35°CTF AEKF S RKfhithirZEH
0.83°C. AHLLT AKEF BVEBRIMIfE T 255, HIE 4.3-K] 4.8 Ik 4.1 w51, 1E
MNRZEAMERAT S AKEF-KELM BE SRR 10 2 2R TR 78 50 L R ik
k2SN DST Lt PRI RAB ISR RS, it ai R fsfl, HAR
SEMERST, ROARMETHRZEL/NT 0.5°C, EAEZENRE, - 4.3-& 4.5 hiEE
TR BRI A BOR S RS I FE B, M B RERIN, (A AKEF-
KELM SRR e ORISR E BT 70, R 134T KELM iR ZEF AR R
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R ALANF TN S AR B THRZ (AL °C)

T TR AEKF AEKF-KELM
15 1.04 0.27
(EV i el 25 1.35 0.28
35 1.43 0.26
15 1.44 0.34
DST 25 1.50 0.34
35 0.83 0.23
4.5 KE L

REAEL 3 BN A AR SR R b, R T T RS
JSA R R R 2 I R G A R A ST R T AR LT R R B A T B, 9
St SR SR B A SR AR AT T A B 2 NIRRT 1C IR AR 5
IGH DST T SEH, 455 EH] AEKF-KELM S0 R B 5 m A5 1S B A
TR ERETE, ESRREIR T, FERAMTHRZEANRIT 0.34°C,
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S2EBRTENSE

5.2.1 3DMax
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HEER, N TR LEAE OGN S B I 5 10 58 O £ L PRI A R, AL
4% 3DMAX FRALR A0 4 F il AT . 3D Studio MAX f&iFRy 3DMAX,
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f—3IE T PC & o =4E it JHPES0ERME. TEDIRE/ETH, 3DMAX J&
T HTERRS, et T REEHIEMERE TR, FHE& T+FE
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5.2.2 Unity3D

Unity3D #& %144 Unity Technologies 23 & [FF 03738 1 — 3k 4 & M aR T
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%, NIRRT EERIRMIER. FE, Z84CRS Visual Studio ~F
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R RGP SCIF, BFEEIR . AR, 58 =5 fE DL A S 4,
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using UnityEngine.SceneManagement;

{using UnityEngine.Ul;

B <summary>
IEFRFE
i <fsummary>
0 <
Dpubllc class Login : MonoBehaviour
{
public InputField Accountinput;/TESiE A
public InputField Passwordinput;/ZE505 M
public Text Mistake;//kS B ERE N HIRIET
public Text Register;//&FmHIE=

o -~s51HA

=  private void Start()

{
Register.gameObject.SetActive(false);
Mistake.gameObject.SetActive(false);

}

o “~51H
= public void OnButton()/Button:=d;35{F
{
string A ber = Ac Input.text;/ZEHFE A KS
string PassWordNumber = Passwordlnput.'lex‘l;ﬁ?iﬂ!ﬁ)\ﬁiﬂ
I= if (AccountNumber == "Hji"” &8 PassWordNumber == "123456")/HIE 25 1EH

{

Register.gameObject.SetActive(true);// S HIEmx
StartCoroutine(Disappear());/iBHE
SceneManager.LoadScene(1);/BEERIRIIHS

}

= else

Mistake.gameObject.SetActive(true);//ESELE M EiRER
StartCoroutine(Disappear());/iEHiliz
}

}

2 ~51HA

= IEnumerator Disappear()//if}{2

{
yield return new WaitForSeconds(2);/F4H B
Mistake.gameObject.SetActive(false);/I12RiEiIZI Rk
Register.gameObject.SetActive(false);//I2 T =R EThI R %

}

K 5.7 % 3 A BARA Y
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using UnityEngine.Ul;
using System.Data;
using XCharts;
=i <summary>
I1ER;hSOCihit
il </lsummary>
o 151/

“public class Soc : MonoBehaviour
{
public Text electricity;

public Text voltage;
public Text SOC1;

public Text temperature1;
public Text temperature2;
private float ftime;

public bool start;

private int i ;

0 518

= private void Start()
{

I
0 3IA

void Update()

[—I0

if (i<26980)

{
ftime += Time.deltaTime;
if (ftime >= 1f)/ERENE

m

{
Text();
ftime = Of;//i I EZR S
i i=i+
L }
L}
1 4~5IA

= public void Text()
{

FileStream fs = new FileStream(Application.dataPath + "/DST.xlsx", FileMode.Open, FileAccess.Read);
IExcelDataReader excelReader = ExcelReaderFactory.CreateOpenXmiReader(fs); /isZlExcel
DataSet result = excelReader.AsDataSet(); //f5750R

llint columns = result.Tables[0].Columns.Count; /72 0784

int rows = result.Tables[0].Rows.Count; /{72
//IDebug.Log(result.Tables[0].Rows[i][0].ToString());

electricity.text = result.Tables[0].Rows[i][1].ToString();

voltage.text = result.Tables[0].Rows][i][2].ToString();

S0C1.text = result.Tables[0].Rows[i][6].ToString();

temperaturei.text = result.Tables[0].Rows[i][4].ToString();

temperature2.text = result.Tables[0].Rows[i][5].ToString();

5.9 £ HLyth H SR EA RS
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