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7_Ibcmax

\Y = . 44

C‘X:1 3chll ( )

LPM 7 SORL 28 TH AR 25 Wk B2 R 1 25 4
B B G I ) T B PR R T 25 0EL, Sy R R B i
L

Noone = Eocv (Csurf) — Eocv (Cave) (45)
Horr, KL 1 - B R

1
/ c-4nX?%dX
0

Cavg =

1
- :3/ c- X%dX.  (46)
/ AnX2dX 0
0

3 MAXILE R
3.1 HEERM

1) BRI AE B N TR]. 8 P2D BB | B 1
- T PR R 3 ) A 4, B B0 A - B - LA 7 1
FHOUL_ X R AR BRBR KT - O ARV BRCDR AR, 72 48
TNV EEY AR ST T AT S LGN (3 Y =S a s L ET
B —H e, AR — RS, MK
TP B E R T 0. SPM A LT P2D A5 Y
5 RO B 1 8 DA F WOk 28 3 R A
HHAG i 2 ) — F R TR RE . LPM(Z UL 3)
75 FE A S T 16 BN BRIE R 7 MR- i 2

%3 LPMZ¥
Table 3. Parameter symbols of LPM.

i /BT Hf
c LPMLF P B TR E mol - m~3
Cmax LPM K 3 U e mol - m~3
Tlohm gt it H \Y%
Tact A R \%
Teonc WRE i R \Y%
Csurf R R S Ik mol - m~3
Cavg R BB Uk mol - m~3
TNohm, 1C 1 CRRHR S L e AV
Iic 1 CHR A
Jo et A AL I 2 B 1
T SR AR AL s
Qeell HLT A Ah
X SRR A Y —

T 1) [~ R T4 B AR, BRI AR B AR, A
A AR AR PRk 2R AR A T I — AL A 3, AT
ANTFEER AR

2) BRORKL T4 H AN [F]. P2D BERIR FH £ fLH
WA IE T AR, 22 BReRE F-7 H AR [T
HE 5150, T SPM SR FH BN ERRORE 43 B
IEfHA, A BB . LPM SR FH— BRI
7 FABLL L Y B S XA IE R, R AN T 2
25 U P A RO 7 AR A R A

3) HL AV AR AR AN ] P2D B i
AF HE AR SO R BE AP AE BB E T SPM. Hh Z W T FEL A T
e 50 3 R E A5 AR Ak T LPM HR AR K A
fiff AR, S I [ AH R AR R Y
BB TP RO R

4) B ERKEANR]. P2D BIRAT SPM
Tl S B A R K S TR 33 AN, W
BAPIX FL A A R P A O S BT I S A T T
LPM s B SEAA 34>, HI 0 i ok
S, AT L A E S AR ) S G AR A, I
PG T S N A

25 TR, LPM 7RI ZS (B 4R | R R IO 2,
A P Ak SR PR A VR )RR IR S5 T T, X P2D A
RURT SPM # 4T T R[RI AR EE k. Bk, £
AH R RS R S 50, o3 ke S - L Tt ) P2D A5
A SPM #1 LPM, 4t #8U 2Z [a] %) 22 51, JF HAk
1k LPM R REB RIS 50, 46 i ol A M.
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3.2 HHESY

AR SCRBNS G N HUE 754 30Ah 1 fd FE i
TR, AHOCHL A E SR A S SR R B

A%, It BRI P2D SRS H0GE i T 52 brR

k= 0.0911 + 1.9101 x 1073 x ¢, — 1.052 x 1076

x 24 0.1554 x 1079 x 2. (47)

TE B R A - 7 PR 35 I B BRORE - S T SOC A
5K, IS AR T 2RI Y SOC FRikH

Y2
CS

5 N W, e e 0 o i f
WS R IR, LD H A2 A5 S W o2, S0C* = 2. (148)
Vi =3 BT Y F1 o K ) > e N
Horpr WO TR S OB B TR BE R R EOC 2R T 47 L ST L 3
|
U™ =0.194 + 1.5exp(—120SOC") 4 0.0351 tanh[(SOC™ — 0.286),/0.083]
— 0.0045 tanh[(SOC™ — 0.849)/0.119] — 0.035 tanh[(SOC" — 0.9233)/0.05]
— 0.0147 tanh[(SOC™ — 0.5)/0.034] — 0.102 tanh[(SOC™ — 0.194) /0.142], (49)
UP = 2.16216 + 0.07645 tanh(30.834 — 54.4806SOCP)
+ 2.1581 tanh(52.294 — 50.294SOCP) — 0.14169 tanh(11.0923 — 19.8543SOCP)
+ 0.2501 tanh(1.4684 — 5.4888SOCP) 4 0.2531 tanh[(0.56478 — SOCP)/0.1316]
— 0.02167 tanh[(SOCP — 0.525)/0.006]. (50)
#4  PbARAIS R
Table 4. Parameter values of Electrochemical model.
LE'E e itk i N4 oy
JELRE 10 25 100 pm
A 10 — 10 pm
BB TP R AL 3.9x 10714 — 1x 1013 m? .51
WA E ARV 19624 — 20046 mol - m—3
R B FRE 24983 — 51228 mol - m—3
CERS S 100 K 10 Sm!
I FEL SRR 1000 1000 1000 m2.s—1
EER B/ Y 2.7877 x 10710 2.7877 x 1010 2.7877 x 10710 m2 s !
L% 0.4 0.4 0.4 —
LR AR R 0.3 1 0.3 —
SEI}EHLH 0 — 0 mS
SN T 9.6487 x 106 — 2.89461 x 106 mol2-3 . m=05 . g1
TEPER AR 4L 0.6 — 0.5 —
HORMAFR ML 0.1 — 0.2 —
FL R A T AR 0.1 — — m?2
1 CHLIR 30 — — A
GRS 3.4 — — v
FEHLAR LR L 4.2 — \
Fasiy 30 — — Ah
R 298 — — K
T S MH B 8.314 — — J-mol-1.K-!
lES e N e 96487 — — C-mol~?
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XFF LPM MR S50, i P2D AR S 4K
EM AR BRI 1C BORAT AT By R Py B 1F
R | R B 1 JEE B R L e R A S 8 ) ke
FH W AR RAH B S vk B A 2.

Tlohm,1C =

I L "+ el L L

be (o Bt D la I} )
Kefr Kefr Kegr

TEHRIRARPRT, SER0Y HCR B I b
BT B R A BOR B, BUE f AR Y
SEHEIA T HERO TR
(RM)? | (RP)?
Dr DP
Hdr LPM ) JC i 4038 e FL i 2% Tl 4 L 1. LPM
(T 3% i HE  P2D B LR 4T 0.01C ik ibiicel
PEE, BRI S E 1h.

1

2

; (52)

3.3 HZRoMW

B 2 45 T 78 25 C 550 T =P B e 451
R 4. T 7E SCRk [19] P ERE P2D
TR BE AR AR G- b AR UL 2 5 - P il 1) LM R, 136 P
RIZHCEA AT AR MRS M. BRI, AR SC L™ A% 1Y)
P2D A BUTH A H Rl 264 S 2% X H B
SPM F11 LPM 5 AU RE.

ea = V; — Vpop, (53)
e = Vo= Vo) 100%, (54)
Vpop

R, ea FRPIRIHL TR A4 X222, BN R V; e
FORBRI R AR X 1R 22 § KRR SPM 8% LPM,
TRZEFE IR 5 gl

4.2
4.0
<
3 38
3.6
3.4 1 L
1 2 3 4 5
logio(t)/s

K2 =R AL AR R i X L
Fig. 2. Comparison of three electrochemical model voltage

curves.

#5  MHAGEHERZERT

Table 5.  Comparison of test set voltage errors.

SPM#ixf SPMAHXS LPMZixt LPMAHXT

/O Sy v % BV R2/%
0.1 —44.50 -1.28 30.03 0.87
0.5 74.20 2.12 42.30 1.21

1 83.70 2.39 60.70 1.72
2 88.00 2.51 103.40 2.95
3 98.50 2.81 129.30 3.66
4 125.50 3.58 173.20 4.75

HHE T P2D AR, 7E 0.1, 0.5 1 1 C %
IR, ME MR, SPM AT LPM AYH E
IREH KT, SPM Hl LPM 4% 1 Ha, [ 35 22 4 X}
SESAME 4> 90K 67.5 Fl 44.3 mV, AR 25 3407
MBS 1.99% 1 1.31%; LPM L SPM W figiE
i P2D BEAUAE R, RS RERE S T 1/3. HE, #E 2, 3
4 CEfEZEu T, SPM Fl LPM HL &% 0] §
T P2D BRI HL ) H R R 25 BE A SR 48 Jn i 4
K; SPM Al LPM ) H FE i 25 359 (E 43 3114 104.0
1 135.3 mV, AHXT 15 22 4 97 A 53514 3.00% Fl
3.85%, LPM b SPM [HHLRIRZRGEERHL T 28.3%,
FEIEH (39) 2T AT R 2E RS .

4 LPM #1447

H T LPM 4 F b — A5k, A IR
FE7 ] ()RR S T A 7 SRR FH AR B
FOBHUEE 5 F4H, ARFRAETRUAH A o o ()  S 1
178, FEHBARE B IR B o ARG | ry i
JE, WA LPM A5 2R I, 7EmfEmcd
S, RO B VR A A 25 R AOKR, g Y
W 22 3 L R 8 H L H R R R e (R R 2 — B
LPM H ARG HE i P2D Al

PRI, AT O M A S L e, 45 LPM 1Y
I R RRURS B2 . i T LPM AN i 42 T [ 41 B
TR, T L I DORE - O TR AR T i
31, W R AR R Y S TR SR R IE
TR AR DI AR B 45T, H A [ A R AR R
AE ) EEL AR 2t 5 A ] D) e A [T A R R AR
AE I FEL IE AR 5 1 12 e R R AR v [ R R RORE AR AR
FLiE T4 B, P2D AR ALY (20) 20335 A TRFH A H
T AT R A
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el - el
Je T AL’ 7° T ALy’
XA, T (20) @A —A B w7
T, T SR DX 3 B I DX 3R T AR X 3843 % (55) =X
THA PR G oK . 25 5 WO B IR B i 5%
P (10) 2. LS (12) 20— (15) 2. kA3
YA B IS (21) SURE S A5 (23) N—
(26) 3K, #HEFHRNBAH B 2R

be (L) — 6o (0) = (1 —t2) 2Ly (Ce (L))

(55)

F ce (0)
I, |L "+ e L L
+ ﬁ 1;08 ( : sep) =+ I;eg : (56)
Kegr Regr Kefr

W (56) X5 1T S oA B P Sl D4R P L 0
ALIE A A A B A i TSR e I . H 1k
ALFE ) LPM AR BRI AR A 27 1m?2, B (51)
AIHAE 1 C R A, 4 (56) A5 40 A9 2
— I SRRV 255 U . ST % Y 5T
B S5, WROAE MR 22 4 L AT 32 4 Tk P T 0 2L 5
R R

w=(-e Xm (S0, e

F ce (0)
P, 4 (39) 2Xrf LPM BRI L R A& 1E N

new

Viem = Viemt7e

= Eocv (Cave) +Mohm~+act+conc+7e- (58)
TSR SR A 2k T R 4006 F R TRORE 1) 4 S
W RES AT, IR 2 A E A T AP B VB0 RE 8 5  k FE 1
SRyl B £ T R B R g S (57) =X HL i A

FHHR B LLAE RN a:
=In <CC iﬁ;) : (59)
WIS EL o,  LPM 38 N L A 4
BPWR AL, S LPM A9 ERPERE. AN
[ FERCRA AR, HEvy Visy H1 Veop IR 22 I TG

AR R]E.

3600/C

Min ; 5(%2D (t) — Vi (1)

3600/C 2
1 2RT
=3 5 [ O Vi 0 - (1=t 5] |
t=0

s.t. a <0, (60)
A, ¢ ], B s C DA TFRAR . 7 L ik

HL IS, B AR A DA A I AR Ik B e T IR AR R Ui
AN 8 AF A TR B, R VR AN K
T 1. o FHUETERZ M EE, HARPRELY) Hessian 5
FEPE R T 0. I, BARRECE LT a ikl
R, AT A R R | AR PR R A AL
MR EANUH. TEAF AR T KA o 03K 6
G, ZH0 o SRR R B L.

%6 RRET S o R

Table 6. Parameter values of a in the different dis-

charge rate.

0.1 -0.148
0.5 -0.703
1 -1.331
2 -2.431
3 -3.438
4 ~4.476

1E 25 C %M F, % 0.1, 0.5, 1, 2, 3, 4 C R
T BRSO eI AR ; FF 0.25, 0.75, 1.5, 2.5,
3.5 CAEF N MR IE RS E AL M5 AN
WEE H A E IR T 00 T R AR AR AN Rl A R
TR L ST FE S P RS0 e v At v, LR AR T
REFL 2L L B 7R 42 DA L v R g 50 A T 4
H Y B IR S . R 3 RN R 4 4 B4 T Ak
LPM 7EM AR Fge uE 4 b iy i e M R 22 i 4k
7 T AN IR ZE TR, T R e R
ZER L X HE B AR T = SR R IS R H. AE]
WAESR, ART 1 CRMAFRMART 1 CmfiRm
oAb LPM [ 455 U | i 152 25 266 %) 7 24118 70 51 4
22.0 F1 42.0 mV, FHXERZEEIHRE ST 518 0.63%
Al 1.12%, BT AR AL LPM 2045 T 50% )
FERVH RS BE . TERESE T, ART 1 C AR M

# 7  itfbjE LPM HEiR2E
Table 7.

iR AR AR

Optimized LPM voltage errors.
gRPR AR

c xmv % RO oy xy
0.1 25.7 0.73 0.25 22.1 0.63
0.5 20.7 0.59 0.75 14.8 0.42
1 19.7 0.56 1.5 25.5 0.73
2 28.5 0.81 2.5 -32.7 -0.81
3 -39.9 -0.99 3.5 -49.2 -1.23
4 -57.6 -1.45 DST -55.4 -1.40

ggg 41.5 1.05
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KT 1 CEfERme ik LPM A7 B 1 15 25 44
Kb SERAME 43 5] A 18.5 F1 35.8 mV, FHXFR 25 T
A AT 910 0.54% F1 0.92%. LPM 115 2% 55k

4.2r D0.1C
D05 C
: DIC
D2C
4.0 D3¢
D4C
5 LPM 0.1 C
< \ cu [PM 05 C
S 3.8 L[PM 1 C
\ [PM2C
[PM3C
e [PM4C
3.6}
3.4l -
1 2 3 4 5

e,/mV

logio(t)/s

B3 WA, ik LPM AR AR 2 (a) LR (b) HL
JEiR 2

Fig. 3. Voltage curves and voltage error curve of the optim-
ized LPM under test set: (a) Voltage curves; (b) voltage er-

ror curves.
2r — P2D0.25C
= P2D 0.75 C
; —P2D15C
4.0k — P2D25C
P2D35C
------ LPM 025 C
T . T AT LPM 0.75 C
3 3.8 s LPM 15 C
------ LPM25C
LPM35C
3.6
3.4 L
1 2 3 4 5
logio(t) /s
30
(b) I
15 J\ ;
> 0t J ’ Jﬁ’: ! !5‘\\:_/‘
g LN
S R
¢ 15 [ — LPM 0.25C
— LPM 0.75 C
_agl —LPM15C
30 —LPM25C
LPM3.5C
45l . . .
1 2 3 4
logio(t)/s

B 4 SUESE, B LPM BE R HAR 2% (a) HE; (b) HL
JE iR 2%

Fig. 4. Voltage curves and voltage error curve of the optim-
ized LPM under verification set: (a) Voltage curves; (b) vol-

tage error curves.

VLT JCHE A0 0 st 221 A b 152 2 T L AR rlL 330 3
FHERMRZE, X R 222 TR A R AL S 50R
FL R i P 0 e R R R D sl T 5 RS A

FERCFL AT LR I 21, BRIk L e J2 LPM e sl
Ui FL PR A 22 R R, i (40) AT 0 LPM R
i SUNEEN ARy ENEER e DI IIT(TES R ) | T N i e
ZAF T, P2D BERIAD) 4 B 20 H 22 5 750 H 3 T
EIE R, B S EIRET 2 H R IR 25K

e E L B LR, P2D AR H 3t H R %
ISRAREER TV a0 =AU iy NS 1A (1 <8 S L o N )
e FL R 30 B AT TR 0. AE S AR R A, IR AR
FEHR B IR AR AR, IEAN 3 ST s [ 1Y
FL R I Sl A5 AR B, PRI I v A3 23 i 14 F, e il
LR AU T LPM T % G i P2D HE R
A1 0.01 C R AR, F AR T F 55 | A Ay FL S PR
FE A S TCTEE A3 f RIS, PR 80 A%
ST, A4 LPM A R i 2%.

Jik s A DST T2 X} S Br T-oL kA7 fii Ak
LA RLAY, T HAE LPM A8 bk s i A28 e,
T T AR R . I e TR 4l
SR G AR T T I AR P T R R ) T
HUPR S, I E ok o FH ARk Tl 4= A8 Ak, 7 H fik
i FASEAEL A 05 1 o L 3 4, B LPM AR A
AL ZE AT T00 N HA R ERf 1, Ui
AL i LPM HAT B 4 (038 By M Fn AR 32 fL fig
J1. 5 FE 6 44 H T 3 C kpicH Fn 4 C DST
T AR F e i 2 R LR 25 i 2k AR IR 25 400l
F-55.4 Fl 41.5 mV, A X 5= 25 539 S —1.40% Al
1.05%. TEBKCE 44T, LPM 7E#H 1k B B
AEAR A Mo BRFE P2D SRS o R 1R 22 R EAFTE T

4.2

L A1t (@)

S 40t —P2D

s 4 —LPM
3.9 .

0 500 1000 1500 2000 2500 3000
t/s

40 (b)
20 + “ || ‘ || “ I‘ ——Pluse
0 N

0 500 1000 1500 2000 2500 3000
t/s

e,/mV

F5 koo 20, D0 AR LPM A e A R 35 22 il
4 (a) BJE; (b) HUIEIR:

Fig. 5. Voltage and voltage error curve of the optimized
LPM under pulse discharge condition: (a) Voltage curves;

(b) voltage error curve.
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FLBYBE, P2D BRI H i R R R L. 7 DST T
OUT, HH 1R 22 R EARBLE SRR B BOF sE L
B, & Ty MR BN A0, HARYETE
TR (52) X IEA MY BREBOFHEHTEN
W WA X e R A B B SR TR
BE IR, BT XS B B U Z AR B8 S
AT R BIEBURIE AL, DAARAS S Gy AR A T G

4.3F
_ 42k &
< 41t
S 4.0 —— P2D DST
3.9 —— LPM DST
38 : , ,

100 150 200 250 300 350

0 50
t/s
40 -
o 20} (b)
g O-‘——LJ‘LI‘—‘LP_‘—
< —20f
® —40F —— DST
—60 : , , , A , ,
0 50 100 150 200 250 300 350
t/s

Bl 6 DST LT, tifkiy LPM Hi A EIRZE MR (a) W
JE; (b) R B2

Fig. 6. Voltage and voltage error curve of the optimized
LPM under DST condition: (a) Voltage curves; (b) voltage

€rror curve.

BRI 455 R ] 2L T Intel 9750H Ab B 2% Al
16G WAFHIZEICARBIG 15, 2 8 HIH T —Fhif ey
T H AL PR AR R TR 7E 0.5—4 C %%
MR AR T, SPM 3B FERT A 67 s. LT
P2D £, LPM I AT 4 85% LA 1, 5 SPM
HH AL RESE IR 2T 65%, HA B m iR SCE.

%8 XL

Table 8.  Comparison of the calculation time.
MEA%E wiEs% Bkelik DSTT
FRfs  HRGs  RUEREs  HIs
LPM 24 14 8 11
P2D 169 92 85 108
=14 14.2% 15.22%  9.41% 10.19%

£SO S = £ 1 P N i o A O ]
PEIRME, S5 S AL F AR B -k B A A
(751, AT P2D BRI A5 2R A I F H FTRK
IANRE, 51 LPM Hot A8 i R b 47— BB
FIMEIE, AT LAHRE & LPM HL ARG ) i HLAR G i
i P2D A .

5 & #®

1) WEERIAEFE B2 H | O B B e B A

REHY S 40 DU A Ty T RIS AT RO L T AR - H st
P2D Y K P B B AR . A L T P2D AR A
SPM, LPM #1E ft R il 5 — i, HA%
FE TR AR AR B Tk B RIS BCBORIE 90% L L.
FEAHRIA R S EOII I RS 1 55 A T, =Ry
FEERE, RKT 1 C R RE A LPM L
SPM ELA7 54 AR e RS B, KT 1 C s
RRCALAY LPM o SPM AT A X 22 AR A e, A
FE. i H., LPM REf% [t P2D #5158 Al SPM Y315
a3 B 80% F1 65% LU L.

2) BT A R, 456 LPM AL
FAYHT, S P2D BRI A H R Mz LPM.
FEAKRT 4 C WEFRBCAMSEET, 1Lh LPM fig
fi R e AR L TRORS B 50% LA b A ik g e D
4 CDST T.HF, HiAbiy LPM BEMS HiErH T30 4 e,
b Sty FL P, R X IR 22 A e X LA 1.5% LU
W, T EL S R LFASE .

3) AT LT P2D L A2 K LR B AsE 7
4 B RS AT TSR], LPM APt B 50k P2D
PR A AT 2. R 4 B B T S R
SEH, WEGE LPM S E0k ) A DL K e A8 5 I8 )
o7 P ] A

S 30k
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Abstract

A reliable and efficient lithium-ion battery model is the basis of state estimation and fault diagnosis in the
battery management system (BMS). The pseudo-two-dimensional (P2D) mechanism model represented by using
partial differential equations has many parameters and high accuracy, but its calculation is time-consuming.
The model order should be reduced for the on-board BMS. Here in this work, by using the same model
parameters, the P2D model and the order-reduced models including the single particle model (SPM) and the
lumped particle model (LPM) are built and their voltage accuracies and operation time are compared with each
other. Based on the porous electrode model, the concentrated solution theory, and the assumption of uniform
current of the battery, the current density is redistributed by the volume ratio of the solid phase to the liquid
phase of the electrode. Furthermore, the overpotential and ohmic resistance caused by the lithium-ion
concentration distribution in the liquid phase is deduced to offset the battery voltage bias under a large
discharge rate. An unconstrained convex optimization method is established to optimize the concentration
difference overpotential of the liquid phase of the P2D model battery, the optimized results of which are used to
compensate for the LPM voltage.Under the conditions of the constant current discharge (CCD) of 0.1C — 4C
at the ambient temperature, pulse discharge and dynamic stress test (DST), the electrical performance and the
operation time of both the LPM and the SPM are compared to those of the P2D model. Some results are
validated and given by the model simulation. Firstly, the accuracy of LPM is over 30% higher than those of the
SPM at the CCD rates of 0.1 C, 0.5 C and 1 C, and about 30% worse than those of the SPM at the CCD rates
of 2 C, 3 C, and 4 C. Secondly, the optimized LPM can produce a voltage in good approximation to the voltage
of the P2D model with an absolute relative error of the model voltage below 1.5% whether it is caused by the
CCD or the DST. Thirdly, the optimized LPM can run efficiently and the needed calculation time cuts down by
85% and 65% for the P2D and the SPM, respectively. For the real-time applications of lithium-ion batteries, the
proposed compensation method by adding the overpotential in the liquid phase can make the LPM produce
reliable voltage with shorter operation time than either the SPM or the P2D model.

Keywords: lithium-ion battery, electrochemical model, order reduction, model optimization
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