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Fig. 1. Lithium ion battery schematic.
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Fig. 2. Simplified schematic diagram of the LSP2D model.

P2D
[T AHATH .
G D0, d
ot r2or or B
- ol H <
WL Sl 4 |2 1
N 5 —|E >
o k“‘f%+kiaz‘j+j“:o LN 23
X2 Ceo Ox N = ?
2 S
¢ I ce = N
H
iﬁ*ﬁi‘f%}l
dc. w00 11! Ce
L e.—=D; +
“a o F
Kl 2
1 PRYIT] LY
3.1 HBuRBEMNITE

H1 (7) B (9) 3T LAHE S H e ) S L TR

V(t) = U(Lﬂf) - 77(07t) + ¢C(L’t)
— ¢¢(0,t) + U(L,t) — U(0,1)

S ) - St (1)
Gs,p Gs,n
B AR P24 L 8 B T AR

yLi - yLi —

jn LH_ A :>jn ALn’ (11)
— I — I
Fhy=-—g==—r (12
P T T T T AL

XA — b (TERR B i) iy sz, AT LA
ERUAH ay = ac = 0.5. RIELEAE—BTZ, LithyH
Ui B R H B, IS AR T LA AR AR G R
FHARA (6) X rp7g 3]

T I — avion Jexo 0.5F7,
L RT

0.5Fn,
—exp (— RTn )] , (13)
— oo (O05ET
= — = s X
T A, T e PP\ TRT
0.5F7;
—exp ( T pﬂ . (14)

Hi (13) 1 (14) 245 2 E R AR M AL AL AT ISR
ﬁ—{ﬂ\j [17]

Th = QJ;T In(& + (& + 1)), (15)
2RT
W= G+ G+, (16)
Hrp
I
&= 20 wion ALy’ (17)

098801-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 9 (2019) 098801

I
2as’pi0$pALp'

TR (4) 2R AT UE S R A
03 %

& = (18)

¢E(L’ t) - d)e(ov t)

_ 2RT(1—-19) n ce(L, 1)
N F c(0,1)

I (Ly _Ly+L L
‘m(zc:ff“ )

k;:ff +ﬁ (19)

Zi4 (10), (15), (16) A1 (19) 2XAT45 2 R A
2RT +(&+ DY\ 2RT(1—19)
+ (& + 1) F
(L.t (Ln+2Ln+LS Lp>
(O’ t) 2A keff kgff kgff
Rspr 1 Rspr 1
HUL0) = U(0,0) = 5 e = T3 (20)

WAL, FEE T ¢, co F e A FL U 375 FL SR
fife T FRAL TR R T A ol e 1 (20) X, P2D BiAY
TR (1), (2) 1 (20) AL A 2R S 48
BER AR (20) i Se A (1) A (2) SR A
Lit e B FROAE Litdk B2, fH2 (1) F1 (2) 2w il
Gy TR, SR REAANT LA AR, A — AR .

3.2 [EfE LitiREREL

0K T PR VA B 43 Ay g 0

i) = aft) +b00) (1 ).

Subramanian 5§ M F) F & AH 22 106 ¢ (¢)
DI AR ARSI B & (6) KT s e(r, 1)
3 5

(21)

cs(r,t) = — 5cs,e(zf) + 5@(15)
+ <gcs(t) 4 gcs,e(t)> ;:g’ (22)
Hodr & (8) Ml e o () R BN A SR
D) B = (20

2, F IR EARY R o 7 R (1) giAe
N (22)—(24) 2.

&M Litik BB EL
TR X3 e, DN, WOAIY 1052 (2)
YEIE )

3.3

Oe;n ffa Cen , 1-— t9r L
= D¢ v (i
T = D¢, 52 T (Fitk),  (25)
Oce s e 0%Ces e
T = D¢ 92 (BR ), (26)
Icepp g Pcep 115 4
. = D¢ ! .(2
€ P ot e,p or 2 + F (IE$&) ( 7)
B\, SIATRICEN L& A
Tn = fna S (OvLﬂ)’
xs: x;Ln e [LIULI’I_'_LS))
o e Det >
- Ce)()’ - L2 )
xp:m € [Ln + L, L).
Ly
(25), (26) F1 (27) X ATLE H
Decep Octy D o 0%cl, 1-19 |,
eCe, en e i
T2 0r = 12 rew 03 T Fa, o (0,
(29)
Dece o 8cg,n - §f£ Ce,0 &c 1 CRie
D 0 T L e 0 D (0)
Dece cé.p Deff Ce,0 acl 1- tg— L
M ep 1 1
L2 or L3 eep ax Eep (). (31)
TET = 0,
Cé,n = C;,s = Cé,p = 1 (32)
A Y A7
Ce,0 acé,n -
! ( - ) =0, (33)
z,=0
Ce,0 acép
of %)y (34)
Lp ( 8$p >zp—0
en(1:7) = (0, 7), (35)
Ces(1,7) = Cop(0,7), (36)
Deff a Deff (3'6 . .
L, 6 Ly \ Oz (37)
DET [ dcl Dcff del, -
L 8 B Ozp (38)

098801-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 9 (2019) 098801

MBI B - H B JRORH L+ B8 v LI FH A 26 56
BRAEIR, LA AH [R] (0] U fa] BR A R O ik, 4
Con = a1 (T) + by (T)a} + c1 ()7},
cly = as(7) + by(1)a?, (39)
ép =a3(7r) + bg,(T)Jc2 + 03(7')103.
¥ (39) SACA L A4 HI &4 (33)—(38)
CIEE

63(7) + 203(7') = O, (40)
a1 (1) + b1(7) + e1(7) = az(7), (41)
as(7) + ba(7) = as(7), (42)
b1 (7) + 2¢1(7) = 0, (43)
ba(7) = 0. (44)
RBP4k
1
cl = (T (D) + ¢ Ty
L= @)+ b+l
1 1
=ay(7) + §b1 () + 501(7'), (45)
qo = axlr) + 3ha(r), (46)
—_ 1 1
Cé’p = a3(7') + §b3(7) + 503(7'). (47)

7 (29)—(31) AP R = A 0 2] 1 B3

! Dece,O acelz,n

Anzo < 12 or > de'n
/1

DeffCOaQ 1_t0"
¢ dz, + Fse: gH

L2 een 8:62

del, (1-1)5 12
Ce, — ( ).]n , (48)
dr Feen  Deceyp

1 DeffC o 32 dCT
= e dzg =—2= =0 49
/;z:s—o ( L2 e 8362 T - (49)

1 eff 1 0
_ Dep ceo 9cep darn + L=t
- L2 e, Ox2 P Fe Tp
2,=0 b Eep 0T e,p

1 0\ ;Li
deap _ (1=B)3y" L2 (50)
dr Feepy  Deceyp

HI (1) A (12) iy LR GE AR R (48) —
(50) FAEY G G AT R

del, (11—t L2

dr F€e7nALn Dece,07 ( )
del
S =0 52
= ; (52)
del . —(1—10) 12
G . (53)

dr F€e pAL D ¢Ce,0

R T ITETFE, X B DL Jo i N
(1-t)1 1?2

FeenAL Docog (54)

—(1 =9 L2
Cof) _3. (55)

EC7pALp DCCC70
454 (51)—(53) N (32) A2

cl,=oar+1, (56)
=1, (57)
e, =BT+1 (58)

454 (45)—(47) AT (56)—(58) A 155

ay (1) + %bl(T) + 1cl(T) =ar +1, (59)

5
as(7) + %bQ(T) =1, (60)
as(T) + 1bg(T) + %03(7) = Br+1. (61)

ARG (40)—(44) 2 AT RISR H (39) 2
e 28, SHE R 1.

®1 BSHNHE

Table 1.  Values of parameters.

aj b1 c1 az bo as bs c3
1 15 15 30 15
~ 4+ - = 1 0 1 = _ =
g Ty 8 7P T

I, WA Li*?f&ﬁ*i’%/%ﬂv
1 L E 2 E 4
Cen 8 + aT + 1 T, 3 Ty,

(62)

—1+2 (57)33 - *(BT)

R AH Li%ﬁ%ﬂﬁﬁﬂm%éﬁﬁ{m fai e T (62) =X

b i 1Y P2D B A AR ] B (20) XL (22) —
(24) 30N (62) 2. Horr (22)—(24) 20 TR ik [
A Litye B . AL fRT 2 )5 i LSP2D AR AUAS AL 75 fi
oy e,

098801-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 9 (2019) 098801

4 HEAVEY XL AT

A SO TR B - L S S0 5 A S AN R 2
Jor g 15, 201 {5 B S Windows #24E R4 F 1Y
COMSOL # 4, & &l 25 C. BT PPA &
TR (1) ] AR E TR A B S B o, FH B B o, T AAR SC
Ph P2D BERIAE A bn e, MR P AR 1 PR T
b4 LSP2D AR SP 4551,

*2 HETHIBSECER

Table 2.  Parameters lists of Li-ion battery.
Symbol Anode Cathode Separator
o/Sm?! 100 100
&s 0.49 0.59
ce 0.485 0.365 0.724
Brug 4.0 4.0 4.0
Ce,0 /mol-m 1000 1000 1000
¢s,0 /mol-m™ 916.65 48977.25
Cs,max /mol-m™ 30555 51555
A/m? 6.03x10~% 5.31x10~4
De /m2s! 7.5x10710 75%x10710 7.5x10710
Ds /m2s! 3.9x1071% 1.0x10714
k/mol-(mol- m)"1* 4.854 x 1076 2.252x 1076
Ry /m 2x1076 2x1076
z/m 8.8x107% 8.0x107% 8.0x107°
Rsgr/Q-m? 0.01
I/Am™? 20
a 0.5 0.5
F/C-mol 96487
R/J-mol- K 8.314
T/K 208.15

TERR B R R, R Tt P [ AR Ve B A
FHVR s TARE , S HUAE T R A 5 2 S 1
R R [ 3 iR T 1C A1 3C Wk FL AR
TNAERCR AR (R TS 3 V LLT) i LSP2D
BTN A A WA LtV BE e M1 P2D ALY | SP 7Y
TS BT Lit MR BE e HOXT HEAE . IR 3 AT LA
TEBCR AT R R 1C B HL T, PSR 1Y AR
Lit¥R B co IRZEABANK, T LA AT DL Z 0. (7R il L e
i 3C AEBL R, SP AL AL AL A Y e A AR K15
# (< 56.5%), 1M LSP2D i Al (1) 1% 22 &5 /N (<
10%), B2l SP ARALE %28 T c. 7251E.

Bl 4 & 7s B2 P2D #EAL | LSP2D £ 4 DL &

SP RERIZE SR F o 1C A1 3C B AY e 2k R4
&l 4 HrryfE B AT LIS R 2R 1C 1 3C B Fp
TR Aty G5 R St iy P R ST 2R 2%, 45 R 8 TR 3
Hi. R 3 PTLUE Y, ZERCR N 1C B R s A
ARG FE R L, AECR 38R 3C I, LSP2D 4%
RUFRAL SRS BE AT 1R 25 < 1.2%, SP BiAIK AL
KRR, IR ZELA N 12%. 456K 3 AT LLR I, 78
BB R ST, SP AR EIR K, FrLITE
Schriz M EAR K, TASCHE H AR AL YRS B 7
1A R K LT

Anode ‘ Separatorf Cathode

2.5
— P2D, 1C
1 - - -LSP2D, 1C
2.0 —— P2D, 3C
@ LSP2D, 3C
E 15 ——SP, 1C/3C
e}
g
-
3
S 1.0

0.5 1

0 T T
0 0.5 1.0
Dimensional length of the battery (zcn=xz/L)

& 3 1CHl3CHH FF, SP, LSP2D FI P2D # K115 3 i1
JCH R RO Li YR B ce LUK
Fig. 3. Comparison of liquid phase Li* concentration ce ob-

tained by SP, LSP2D and P2D model at 1C and 3C dis-
charge rates.
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Table 3. Average error of the battery terminal
voltage is estimated by three models when the dis-
charge rate is 1C and 3C.

Average error at Average error at

Model discharge rate 1C/V  discharge rate 3C/V
P2D 0 0

LSP2D 0.0056 0.014
Sp 0.0052 0.142

F4 B ARG S
Table 4. Comparison of the estimated speeds of
the three models.

Model Time for 50 cycles/s
P2D 7860
LSP2D 21
Sp 12
5 %
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Abstract

The pseudo-two-dimensional (P2D) model is the most widely used electrochemical model for lithium-ion
batteries. Because of the complexity and the difficulty in using the complete P2D model, many simplified P2D
models, such as the single particle model (SP model) and the parabolic profile approximation model (PP
model), have been proposed. However, the using of the SP model can cause a large amount of precision to lose
in its simplified process, while the PP model has a high complexity. In this paper, we propose a liquid phase
simplification P2D (LSP2D) model. The using of the LSP2D model has a small precision loss and a relatively
low complexity. The LSP2D model is based on the electrochemical average kinetics of the lithium ion battery.
We first simplify the terminal voltage into an equation containing only the solid phase concentration ¢, and the
liquid phase concentration ¢,. Then we use the partial differential equation to represent the solid phase
concentration ¢, and the liquid phase concentration c,, and then obtain a final model. The simulation
environment is based on COMSOL, and the simulation results show that when the discharge rate is 1C, the
estimation accuracy and speed from the LSP2D model are similar to those from the SP model. But when the
discharge rate is 3C, the estimation time from the LSP2D model is reduced by 99.73% compared with that from
the P2D model, and the estimation accuracy is greatly improved compared with the estimation accuracy from
the SP model.

Keywords: electrochemical model, battery management system, liquid phase diffusion equation, parabolic

approximation
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