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Abstract: In this paper, the unbalanced discharge of lithium-ion battery module caused by heat dissi-
pation is studied. The battery pack is composed of 12 batteries, which are divided into four modules
in series, and three batteries in each module are in parallel. The three-dimensional electrochemical-
thermal model of a single battery and a battery pack is established by the polynomial approximation
pseudo-two-dimensional (PP2D) method in ANSYS fluent 16.0, and the correctness of the model is
verified by simulation and experiment. On this basis, the non-uniform temperature distribution and
the coupling relationship between electrical parameters and electrochemical parameters in the battery
pack under inhomogeneous heat dissipation were studied. The mechanism of how the temperature
difference affects the distribution of current and state of charge (SOC) is also given. According to
the research results, the control of the average temperature of the battery pack and the control of
temperature difference are incompatible and need to be traded off. Enhanced cooling can reduce the
average temperature, but it produces a large temperature gradient, resulting in a greater internal
temperature difference of the battery pack. The large temperature difference enlarges the difference
of the branch current and aggravates the unevenness of SOC in the battery pack. In addition, the
temperature difference most suitable for SOC uniformity is not the traditional 5 °C but increases with
the increase of the ambient temperature and the cooling medium temperature.

Keywords: lithium-ion battery module; non-uniformity; current distribution; electrochemical-thermal
coupling model

1. Introduction

Due to the issues of global warming and the aggravation of the energy crisis, trans-
portation electrification has become a key concern for many countries. Electric vehicles
(EVs), as its key component, are becoming popular all over the world. Because lithium-ion
batteries (LIBs) have high power density, large energy density, and a long lifespan, they
are the main power source of EVs [1-3]. In the daily use of LIBs, their temperature greatly
affects their electrical performance. The overly high temperature makes batteries degrade
quickly and even evokes the thermal runaway, and the excessively low temperature greatly
weakens the battery electrical performance. Thus, the battery-based energy storage system
needs a thermal management system to improve its performance, maintain its security, and
extend its lifespan.

Battery cells (referred to as cells) usually form a battery pack through series and a
parallel connection to achieve the high power output and long driving range required by
EVs [4,5]. For example, the standard range version of Tesla Model 3 has 2976 cells arranged
in 96 groups of 31. This connection method often produces the inhomogeneity among cells
in the pack. The inconsistencies of voltage and capacity are very common [6,7]. Moreover,
the great temperature gradient in the pack caused by unevenly cooling or heating also
evokes the differences of voltage and capacity [8,9]. These inhomogeneities finally reduce
the cell’s DoD (depth of discharge), enlarge the SOC gradient, and aggravate the battery
degradation. Hence, the improvement of the consistency of cells is necessary. Eliminating
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the temperature gradient of the pack is an important method to achieve this goal. Till now,
many temperature-control methods have been studied. Chen, Choi et al. [10,11] optimized
the air passageway to reduce the battery temperature and improve its homogeneity. Monika,
Li, Sheng et al. [12-14] used cold plates with different channels to improve the battery
thermal performance. Zhang and El et al. [15,16] enhanced the heat dissipation by adding
heat pipes and phase-change materials to the battery. Although these methods successfully
achieve a low battery temperature increase and control the battery temperature difference
below 5 °C [17-19], they neither clarify the benefit of low temperature increase to the
improvement of battery electrochemical performance nor explain why the temperature
variation among cells should be below 5 °C. This is because these studies establish only the
thermal model and do not connect the battery thermal performance with its electrochemical
behavior. In the practical battery pack for EVs, there are hundreds of cells. It is difficult to
keep the temperature gradient below 5 °C because the coolant for the battery pack is cooled
or heated unevenly. Thus, the study of the effect of the battery thermal homogeneity on its
electrochemical and electrical parameters for a better battery performance is necessary.

To study this influence, the electrochemical-thermal model is needed. Although Qin,
Basu, Yang et al. [20-22] established the electrochemical-thermal models for the battery
and used them to study relationship between the battery thermal dynamics and their
electrochemical behaviors, these coupled models are built only at the cell level and ig-
nore the electrical interaction among cells in the parallel-connected pack, which cannot
represent the distributions of the current and the SOC caused by the uneven cooling or
heating. The loss of SOC distribution further results in the prediction distortion of the
electrochemical kinetics and finally brings the big prediction error to the battery perfor-
mance. Moreover, the P2D (pseudo-two-dimensional) model in these studies is structurally
complicated and needs a lot of computation for solving. Thus, it should be improved to
reduce the computation cost and increase the robustness. In order to fill the study gap,
an electrochemical-electrical-thermal model is established to investigate the inconsisten-
cies of the electrical and electrochemical parameters. This paper has three contributions.
Firstly, the two-layered model is proposed for the battery pack. The current distribution
is calculated by Kirchhoff’s law and coupled with the battery terminal voltage model to
form the electrical model at the battery pack level. It is combined with the pack thermal
model to show the influence of the inhomogeneous temperature distribution inside the
pack on current difference in the parallel-connected branch and the SOC consistency among
cells in the pack. At the cell level, the electrochemical model based on the PP2D model
(polynomial approximation pseudo-two-dimensional model (PP2D)) is set up and coupled
with the thermal model. The PP2D model employs polynomial functions to approximate
the electrochemical parameters. It can not only maintain the high prediction accuracy but
can also achieve much smaller computation complexity than the traditional P2D model.
Moreover, with its help, the influence of the SOC distribution and the temperature gradient
in the pack on the electrochemical parameters inside the cell can be known, which further
reveals the interaction mechanism among the electrical, thermal, and electrochemical pa-
rameters. Secondly, the interaction among the temperature, the electrical parameter, and
the electrochemical parameter inside the parallel-connected pack is quantitatively studied.
Uneven heat dissipation conditions with the coolant temperature between 10 °C and 30 °C
and the heat-transfer coefficient from 10 W/(K-m?) to 200 W/(K-m?) are imposed on the
battery pack to create various temperature distributions. The distribution of the current;
the SOC; and the electrochemical parameters such as electronic concentration, potential dif-
ference, local volumetric current density, and so on are computed to quantitatively explain
the effect of the temperature distribution among cells on the electrical and electrochemical
performance of the battery and find a suitable thermal parameter to improve the electrical
and electrochemical performance. Thirdly, the ambient temperatures vary from 10 °C to
30 °C are applied. They are combined with cases of uneven cooling to achieve the suitable
range of the temperature gradients in the pack at different ambient temperatures for good
consistencies of SOC electrochemical parameters among cells.
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2. Electro-Electrochemical-Thermal Model of Battery Pack

Figure 1 shows the structure of the electro-electrochemical-thermal model for the
battery pack. At the cell level, the PP2D model is used to describe the electrochemical
behavior inside the cell. It also provides the electrochemical parameter to compute the heat
generation inside cell. At the pack level, the current distribution model is established, and
it is coupled with the cell electrochemical model to form the electro-electrochemical model
of the pack. This coupled model can not only predict the current distribution when the cells
are series-parallel connected but also describe the effect of the uneven current distribution
on the electrochemical parameters in cells. The cell thermal model is coupled with the heat
transfer model at the pack level to form the pack thermal model. This model is combined
with the electro-electrochemical model of pack to demonstrate the interaction among the
temperature gradient inside the pack, the current distribution, and the electrochemical
behavior of the cell.

o -
I Distribution of i o

| model (PP2D)! |

1 SOC and
| electrochemical

1
LGN

Figure 1. Structure of electro-electrochemical-thermal model for battery pack.

2.1. Cell Model
2.1.1. Electrochemical Model

The pseudo two-dimensional model (P2D) is a strictly physics-based model and
describes the electrochemical process in the batteries. Table 1 shows the structure of the
P2D model, and the meanings of the variables are given in the “Nomenclature”. The xpyp
coordinate is used for the P2D model at the microscale, and its direction shown in Figure 2
is from the negative electrode to the positive electrode. The additional pseudo dimension r
for the P2D model is along the radial distance of the electrode particle .

The high-order partial differential equations (PDEs) involved in the P2D model require
complex calculation, which makes the application difficult. Therefore, it is meaningful
and necessary for the electrochemical model to be simplified and reduce the loss of model
accuracy. The polynomial has a simple structure and can maintain high accuracy. Moreover,
solving it requires little calculation. Therefore, we use the polynomial to approximate the
solutions of the PDEs above, and the P2D model becomes the polynomial P2D model or
PP2D model. Another major difference between the P2D model and the PP2D model lies
in the selection of the coordinate axis. In order to easily calculate the PP2D model and
apply it to each area of the cell, the zp,p coordinate is used to replace the xpyp coordinate in
Table 1. Because zpyp is defined in the electrode and the diaphragm areas, respectively, axis
zpap is divided into zpyp , for the negative electrode, zpop s for the separator, and zpap ), for
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the positive electrode. Figure 2 shows the regions of zpsp », zp2p,s and zpap y, and Table 2
shows the P2D model in the zp,p coordinate.

Table 1. Structure of P2D model.

Negative/Positive Electrode

Governing equations Boundary conditions

9 _ D5 d (20 ac
* = o (’ E)rs) Ds G lr=0 =0
2 e a ] oC _ _Js
e = D e + (1=t D5 k. =~
U‘Eff q?; _]f (1) axPZD xpap=0 = axPZD xppp=L = (2)
o _eff 20| geff 00| 1
«eff 92 9 2RTKeff(t+71) dIn fs aZInc,_, axPZD xpp=0 = 9xpp 1 XPD=L = A
1+ +j
xm F dInC, f= 99 _ 99 -0
. . & F N axPZD |XP2D=Ln = WlezD=Ln+Ls =
j— a
J=silow(s#1) e (-360) M
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Figure 2. Charge transfer in the battery cell [23].
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Table 2. Structure of P2D model in the zp,p coordinate.

Negative/Positive Electrode (k = p or n for Positive and Negative Electrode Separately)

Governing equations Boundary conditions
des _ Ds 9 (,20c 9C, _
d T P or (T ar> Ds % lr=0 =0
3 eff 2, i aCs — _Jr
Seﬁ :Deff#"" (1_t+)ff Ds or ‘7:R5 — T aF
iw/k dce ‘ _ _0c ‘ -0
ooff s _ 9zpap,s 12P2Dn=0 = zpyp , 12P2D,p=0
022 =Jf
P20 6) _eff 09 _ goff 00 _ 1 (6)
eff @, 2RTxSS (1 1) dIn fi\ 9®Inc, . 9zpap, 12920 =0 9zpap,p zp2p,p=0 A
K s 13 Y+ o ) oz - Tir=0 P) 2
P2Dk ¢ P2Dk Ps | — _99s ‘ =0
. 3 . F «.F aZPZD,n ZPZD/n:Ln asz’p ZPZD,p:Lp
ir = wioexp (4 1) —exp(~f ) o | e g
, X oz zppn=0 = 3z zpap,p=0 =
o, Ny K P2D, P2D,
g = chea(cs,max - Cs,e) “Cse " y
Separator
Governing equations Boundary conditions
Ce ‘ZPZD,n:L/r = Ce |ZP2D,s:0
eff G| _ neff_ac, |
€N Jzpyp , 12P2Dn=Ln = €S 9zp,p 12P2D,s=0
Ce ‘ZPZD,S:LS = Ce |ZP2D/V:LV
2
Eeaaﬁ _ Dﬁff e, eff ac, | — _pf_ac ‘
t 9Zpyp @) €5 Ozpap 1Z2P2D,s=Ls e Jzpp,, 12P20,p=Lp ®)
92 2RTxf (¢ -1 dIn 2 _
xetf 2% + F( ) <1 + 7 Inj? ) aa Zlnce = % 903‘21320,":[4 = Pelzpyp =0
ZpaD s e ZpaD,s P Py
Keff Pe | — Keff Pe |
e 9zpyp,, 12P2Dn=Lan €S 9zpyps 12P2Ds=0
(PE"szD,s:Ls = (PQ‘ZPZD,;):LPZD,p
eff _9ge | :Keff 99
€S Jzpop 12P2D,s=Ls &P 9zpap,p ZZFZD,szP

(@) Electrolyte concentration approximation

Because the Li-ion diffusion equation given in Equation (5) is the second-order PDE,
the distribution of the electrolyte concentration along the z axis is assumed to be parabolic.
The second-order polynomials are used for the concentration distributions in the electrolyte
and separator, and they are

_ 2
Cen(zZp2Dn) = @1Zp2Dn” + A1,12P2D,n + 40,0 < Zpopy < Ly
Ces(zpap,s) = Aazpap,s® + a3zpap,s + 2,0 < zpaps < Ls . )
_ 2
Cep(zpop,p) = a62p2D,p” + a312P2D,p + 05,0 < zpapp < Ly

In Equation (9), c. is the electrolyte concentration and the subscript n represents the
negative electrode. The subscript s represents the separator, and the subscript p represents
the positive electrode. In order to satisfy the boundary condition of the Li-ion diffusion
equation given the third equation of Equation (6), the coefficients a; 1 and a3 are 0, and
Equation (9) is simplified as

_ 2
Cenn(zZP2Dn) = @12p2p,n” + 20,0 < zpopy < Ly
_ 2
Ces(zpap,s) = A4Zpap,s” + a3zpaps + 42,0 < zpop s < Ls. (10)
ce,p(zp2D,p) = B62P2D,p* + 85,0 < zppp < Ly

The coefficients [ag, a1, a3, a3, a4, a5, a¢] in Equation (10) are time-varying parameters,
which need to be calculated in each time step. Substituting the first four equations in
Equation (8) with Equation (10) gives

alL% +ag = ax (11)

2a,L,Df = asD! (12)



Electronics 2023, 12, 1266 6 of 26
aéLf, + a5 = a4L§ +asLs 4+ ap (13)
—2aL, DY) = (2a4L; + a3) D/ (14)

where D, is the liquid diffusion coefficient, D, is the effective liquid diffusion coefficient,
and their relationship is D, = Dffe,~15. ¢, is the volume fraction of Li-ion in the electrolyte,
and ¢.c, is the concentration of Li-ion. The mole number of Li-ion at the unit area in the
regions of the negative electrode Q. .(t), the separator Qs(t), and the positive electrode
Qep(t) are obtained by integrating its concentration along the z-axis, and they are

Ly 1
Qe,n(t) = /O EenCe,n (ZPZD,n)dZPZD,n = Se,n(galLi + aOLn> (15)
'Ls 1 3,1
Qes(t) = /0 €e,sCe,s(ZP2D s )dZpaD,s = €e,s(§ﬂ4Ls + §ﬂ3Ls +ayLs) (16)
'LS 1 3
Qep(t) = /0 €e,pCe,p (2P2D,p) 422D,y = €e,p(§ﬂ6Lp +asLp). (17)

The surface density of the current at the electrode (I/A) can be achieved by integrating
the volumetric current density jralong the z axis, and the expressions are

Ly . I

/0 jfn(zp2D,n)dzP2D0n = a (18)
Ly I

/0 jf.p(zp2D,p)dzpoD,p = 7 (19)

where A means the electrode plate area and I is the current through the cell.

Substituting the second equation in Equation (5) and the first equation in Equation (7)
with Equation (10), integrating these equations along the z axis, and combing them with
Equations (15)-(19) gives the expressions of Qe (t), Qes(t), and Qe p(t), which are

d I
5 Qen(t) = (1~ th) T+ 2a,L, D] (20)
d — 2a,L, DS 21
EQe,s(t) = za4LsUgs (21)
d _ +y L of f
aQg,,,(t) =—(1-t )ﬁ + 2aLp Dy . (22)

In Equations (20)-(22), t is the time and #* is the transfer number of Li-ion.

Because the initial electrolyte concentration is evenly distributed in regions of the
electrodes and separator, the initial total mole numbers of Li-ion Q(0), Q¢,s(0), and Q. »(0)
can be achieved by solving

Qe,n(o) = €¢nCe0Ln
Qes (O> = €¢,5Ce0Ls (23)
Qe,p(o) = £e,pce,OLp

where c, g is the initial electrolyte concentration. In order to satisfy Equation (23), the initial
polynomial coefficients [ag, a1, a2, a3, a4, as, a¢] in Equations (15)—(17) should be meet the
requirement below.

[a(]/ ai,az,as,a4,as, ﬂ6] = [CC,OI 0/ Ce,O/ 0/ 0/ CC,O/ 0] . (24)

The forward Euler method is used to solve the Equations (20)-(22) to obtain the Q. »(f),
Qes(t), and Qep(t) in each time step. Then, these total mole numbers of Li-ion are used
for Equations (11)—-(17) to calculate [ag, a1, a2, a3, a4, as, ag]. After the coefficient matrix is
achieved, we can employ Equation (10) to approximate the distribution of the electrolyte
concentration in the electrodes and separator.
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P(zpap )

9zpapu

9¢(zpaDu)

(b) Reaction flux approximation

The reaction flux j is non-uniform, especially when the large current rate is loaded on
the cell. The local volumetric current density jr is used to describe its distribution between
the negative and positive electrodes. Because jr is distributed like a parabola, a quadratic
polynomial is applied to approximating the j;. It is

(25)

].f(ZPZD,n) = CZ,HZ%ZD,H +c102p2Dn + Con 0 < zpopy < Ly, in negative electrode
jf (ZPZD,p) = CZ,pZ%zD,p +c1,pzp2p,p + €0,p 0 < zZp2p,u < Ls, in positive electrode *

In the electrode, the activation overpotential # is calculated by the potential balance
equation, which is

Rser .
1(zp2pk) = @s(zp2Dk) — Pe(zP2D k) — U(Zp2D k) — aSEI]f(ZPZD,k)- (26)
S
In Equation (26), ¢ is the potential of the solid phase. U is the electrode equilibrium
potential, and Rgg; represents the resistance of SEI film. ¢, represents the potential of the
electrolyte. a; means the specific interfacial surface area, and the subscript k is n for the
negative electrode or p for the positive electrode. # can also be calculated by solving the
Bulter—Volmer given in Equation (5), and it is
i¢(z
jf( P2D,k)} 27)

2RT
1(zpap k) = Farcsinh[ T

where T is cell temperature, R is the gas constant, F is Faraday constant, and iy represents
the exchange current density. Substituting the 77 in Equation (26) with Equation (27) gives

Pz )aff (zp2pk) _ 99s(zpapk) — 99e(zpapi) — OU(zpapi) (28)
Pabk 9Zpop k 9Zpap k 9Zpop k 9Zpap k

where P(Zpyp) is

RT 1 Rsgp
P = . 29
(zp2D k) TFoi o = (29)
P2D,
1+|: ZaSFiO :|

Integrating the third and fourth equations in Equation (5) along the Zp>p,, and Zpap p,
respectively, gives the expressions of the ¢; and ¢.. They are

a(PS(ZPZD,k) . 1 ZPDk | I
dzppr  off /0 Irdzpank = Zrra (30)
9¢e(zpopk)  2RT(t" —1)dlncei(zpapi) 1 [zok
dzppk F OZpap k I T /0 Jfdzpop k- (31)

where ¢f means solid-phase effective conductivity, t* is the transfer number of lithium-ion,
and x% is the effective conductivity of the electrolyte.

With the Equations (25)—(31) and their corresponding boundary conditions, the coeffi-
cients in Equation (25) can be solved. We take the negative electrode as an example to show
how ¢, ,, c1,, and ¢y, in Equation (25) are reached. The subscript k in Equations (26)—(31)
becomes n. Substituting [0¢s(Zpap )/ 0Zpap »] and [0¢.(Zpap 1)/ 0Zpop ] in Equation (28)
with Equations (30) and (31) gives

Zp2D,n

Zp2Dn
1 . I 2RT(t+=1) 3lncen(zpap,n) 1 v oU(zp2p,n)
of7 Of jfdzpapn = g | —1——F Y, KT bf j§dzpapn] — “Ozmapn (32)
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where P(Zpop ) is

RT 1 RsE;

P(zpapn) = +— (33)
S

a ino i 2
s 14 []fgils’zpzl?(;n)}

When Zpop ;, is 0, Equation (32) is solved by replacing js (Zp2p,) with Equation (25),
and the result is
1 BU(ZPQD,,O

oeff A 0Zpap |ZP2D’" =0

P(0)c1,n = (34)

When Zpyp, is Ly, the difference between the first second term on right side of
Equation (32) is 0 according to Equation (28) and the fifth equation in Equation (6), and
the integral value in the four term is (I/A) according to Equation (18). With the calculation
above, Equation (32) under the condition of Zp,p ,, = L, becomes

2RT(t+=1) dlnc.(zpapa

P(Ln)(zcz,nl‘ﬂ + Cl,n) = — T I _ au(zPZD,n)

)
9zpapu |ZP2DM:L” + xff A 9zpap |zP2D,n:Ln :

(35)

In order to obtain ¢, ,, and ¢ ,, in Equations (34) and (35), it is necessary to calculate
the electrode equilibrium potential U(Zp2p ;) at Zpop, = 0 and Zpsp ,, = L. According to
Ref. [24], U(Zp2p,n) in the negative electrode is decided by the stoichiometry of the electrode
concentration 6,,, and it is

U(zpap ) = 0.6554 — 5.81816,, (2pap ) + 22.59626, (2pap n ) — 36.16700, (zpop,n)° + 20.04060, (zpap n)*  (36)

where 6,,(Zpap ) is
Cs,e (ZPZD,n) (37)

0n(zp2pn) = -
5, max

The third equation for ¢, ¢1,, and ¢y, in Equation (25) is achieved by integrating
Equation (18), and it is

Con Cl,n i

3 3 A

By solving Equations (34), (35), and (38), we have the coefficients of ¢, ,, ¢1,, and cg ,

in Equation (25) and the local volumetric current density in the negative electrode. Because

the cell is in a stable state in the beginning of discharging or charging, the j; is evenly

distributed and the initial j; for Equation (25) is

L?l + L% +conln = (38)

. I
jf(zp2Dn) = 57 (39)

The calculation process of j; in the positive electrode is almost same as that in the
negative electrode. The only difference is that the current I in the positive electrode should
be multiplied by —1 because the direction of the Zpsp ,-axis is opposite to that of the
szD,n—axis.

(c) Solid-phase surface concentration approximation

According to Ref. [25], the solid-phase surface concentration of lithium-ion cs,(t) is
not only related to its volume-averaged concentration ¢;(¢) but also to its volume-averaged
concentration flux §(t), and it can be calculated through [25]

D,
R,

jf(zp2p,i)

35
asF

[cs,e(t) — Cs(t)] — 8Dsq(t) + =0 (40)

where ¢, () and §(¢) are
d jf(zpap,i)

60+ 3R =0 (41)
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Pen(z2P2Dn) —

Pe,p (szD,p) Qe, p(o)

@e,p(0)

z
;tq( )+30—q( )+425]f;;§21) =0. (42)
In Equations (40)—(42), t is time, Ds is the solid-phase diffusivity of lithium-ion,
R is the particle radius, and the subscript i is n for the negative electrode or p for
the positive electrode.
When ¢ = 0, the cell is about to charge or discharge, and the initial value of §(0) is 0.
Moreover, the initial value of ¢s(0) can be achieved by solving

Cs,n (0) = [08 + SOCim(G{IOO 60)} s,max (43)

2, (0) = [95’ 1 50C;,; (9{’00 9”)}% i (44)

where ¢ ,(0) and ¢; ;(0) are the volume-averaged concentration of lithium-ion in the positive
and negative electrodes; SOC;,; is the initial SOC, ¢ ;ax and s juax are the maximum
solid-phase concentration of lithium-ion in the positive and negative electrodes; 0 is the
stoichiometry of electrode concentration; superscripts n and p represent the positive and
negative electrode, and subscript 0 and 100 are 0% and 100% of the cell SOC, respectively.

(d) Other parameters for PP2D model

This section shows how the cell terminal voltage is calculated. Moreover, the calcu-
lation methods of the variables and the constants for the PP2D model are also given in
this section. Integrating Equation (31) in the electrodes and separator and using the third
equation in Equation (6) as the boundary condition for Equation (31) gives the formula of
the electrolyte potential, which is

ZRT(lfﬁ)l Cen(zpapn) 1 Zppn (ZpP2Dn

Pen(0) = T = TR — 77 Jo 0 j£(6)dgdzpap,n, in the negative electrode
+
ZRT(}T ) In & chZ,,PZOD » ﬁff Ji Zpap,p szD " j¢(¢)dZdzpap,p, in the positive electrode  (45)
2RT(1-t* e(zpons)  Izpapys
Pe;s(2P2D,s) = Pe,s(0) = (F ) In = (Czelz%)l)) - fle:czefo ¢ in the separator
where Zp2Dn [ZP2Dn ‘ Con_ 4 Cln_ 3 Con_ 2
/ / dgdZPZD n = 1,2 Zn + T'Zn + T,Zn (46)
Zp2D,p  [ZP2D p . 2,p 4 Cl,p 3 CO,P 2
L [ ip@dedzmn, = Szt + 52z, + (47)

The potential difference can be achieved through Equation (45). It is

2RT(1—t* e (0 " " L s
— @en(0) = (p )hliejgog eff o fyre £(¢)dgdzpap,n + gff o Jo T jp(&)dedzpap,, — ﬁ- (48)

where @, is the electrolyte potential; (0) is the current collector; and the subscript p and n
represent positive and negative electrode separately. Terminal voltage V of cell is reached
by solving

V= 95p(0) = @5 (0). (49)

where ¢, is the solid-phase potential. Combining Equations (26), (37), (48), and (49) gives
the expression of the cell terminal voltage. It is

R . M
V() = Up(0) = Un(0) + 17(0) = 7(0) + ep(0) — @en(0) + 22z, (0) — “5E2 i, (0). (50)
where “,(0)” and “,(0)” refer to the variable values at Zpop,, = 0 and Zpyp , = 0, respec-
tively. A 50Ah NCM/graphite prismatic cell is used in this paper, and its electrochemical
parameters are given in Tables 3 and 4.
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Table 3. Parameter for the PP2D model of the 50Ah battery cell.
Parameter Negative Electrode Separator Positive Electrode Reference
L (m) 73 x 1070 13 x 107 61 x 1076 [26]
A (m?) / 2.14 / Measured
Rs (m) 9.93 x 10~ / 6.32 x 107 [27]
& 0.65 / 0.547 [28,29]
€ 0.315 0.5307 0.332 [28-30]
Cs max (mol m—3) 31,389 / 48,396 [24]
) 0.01 / 0.955 [24]
0100 0.785 / 0.415 [24]
Ce,0 (Mol m~3) / 1200 / [30]
Ny, e 0.5,0.5 / 0.5,0.5 [24]
tt / 0.363 / [30]
o (Sm™1) 100 / 100 [23]
Rsgr (QQm) 0 / 0 [23]
dinfy /din c, / 0 / [30]
Table 4. Variables for PP2D model of the 50Ah battery cell.
Parameter Equation Reference
Dsp =10"1 eXP[ 314 (T — 2815 )}
Diffusion coefficient of Li-ion in the electrode 13 30000 1 [31]
Dys = 14523 x 10 exp |~ 3909 (} — 5od15)]
Diffusion coefficient of Li-ions in the electrolyte D, = 10843~ 753" 0, —0-22x0.001c) [31]
kn =2 1071 eXP[ a4 (1 429%15)]
Reaction rate of the electrode I 30000/ 1 | [30]
kp =2 %10~ EXP[ 8314 (7_29815)}
Kk = 1.254c, x 107%(—8.248 +0.05324T — 2.987 x 107572+ [31]
Tonic conductivity 0.2623 x 1073¢,—0.009306 x 103¢, T
+0.000008069 x 10~3¢, T?+0.22 x 1070¢2—0.0001765 x 10~c2 T)
State of charge (SOC) 0; = Cffi;iax, (i=pn) [31]
Uy, = 4.3655 + 5.35960, — 23.894962 -+ 30.494203 — 12.7557¢%
L ial p p P p P 24
Open circuit potentia Uy = 0.6554 — 5.81816,, + 22.596262 — 36.167003 + 20.04066° [24]
au, o _5
Temperature derivative of open circuit potential ddg = —7:225x10 [24]

7 = 0.00305 — 0.0027626,, + 0. 00572662 — 0.00445363

2.1.2. Thermal Model

The cell thermal model includes not only the heating model but also the heat transfer
model. By combining the Fourier’s basic law of thermal conductivity with the law of energy
conservation, the temperature distribution is obtained by solving

oT 0o

oT 0 oT o, oT
PCPE

= a(kxa) + @(@@) + &(kzg) +qo

(51)
where p and C, are cell’s density and specific heat capacity, and T represents temperature.
means time, and ¢y is the volume-averaged heat generation rate. ky, k,, and k; represent the
thermal conductivities along the direction of x, y, and z axes separately. The heat generation
rate inside the cell is composed of the reaction heat generation g,.;, ohmic heat generation
Jonm, and active heat generation g, which are calculated by

dU(ZPZD,n)
dT

du(ZPZD,p)

IT (52)

qrea = jf(Zp2Dn) T +7f(Zpapp) T



Electronics 2023, 12, 1266 11 of 26

Jom £ (Zp2p 1) *Psn(Zpap,n) —Pen(Zp2p,n) —U(Zp2p,n)|dzp2D 1 +foLp ir(Zp2p,p ) *[¢s,p (Zp2p,p ) —¢e,p (Zpan,p) —U(Zpap,p ) |dzp2p,p
L

Gact = (53)
1 L 9¢s.n(Zpap,n) Kff e (Zpapn) \° . eff (O Cen(Zpapn)\ [ Oben(Zpapn)
P i )
fohm =T /0 { 9zZpap,n 9zZpap,n b 9zZpap,n 9zZpap,n b
2

l /Lp oreff agbs’p (ZPZD,p) eff 8473 p (ZPZD P) Tk eff dln Ce P (ZPQD P) a¢e,p (ZPZD,p) dZPQD,p‘i‘ (54)

L Jo 9zpap,p 9zpap,p 9zpap,p 9zpap,p

Ls
/ eff(a(Pes ZP2D s)) stf(aln Ce,s(ZP2D,s)> (afpe,s(ZPZD,s)) dZPZD,s~
L 9zZpaD s 9zZpaD s 9zZpaD s
Total heat generation rate in a unit volume of the cell g, is

go = Grea + Gact + Gohm (55)

Up
where v}, is the cell volume.

2.1.3. Specific Heat Capacity and Thermal Conductivities

Experiments were carried out to measure 50 Ah cell’s specific heat capacity and
thermal conductivities. Figure 3a gives the experiment devices for the test of the specific
heat capacity. Before C, was tested, the cell was covered with aluminum foil to enhance the
heat transfer and ensure that its temperature was homogeneously distributed. The PTC
heating plate was fixed on the surface of the aluminum to heat the cell. The whole device
was put in the accelerating rate calorimeter (ARC), which was used to make the ambient
temperature the same as the cell temperature and avoid heat transfer among cell and air.
Figure 3b presents the measured cell temperature increase. The slope of the temperature
line is used to calculate the C,, which is expressed by

_ Pheat 1
P my AT/AF

(56)

60

55

50

45 -

40 |

Temperature (°C)

35 -

30 -

25 |

2 ? i g 1 1 1 1 | L | |
Aluminum foil @ i ~ 4 20 40 60 80 100 120 140 160 180 200
Time (min)

(b)

Figure 3. Test device for cell C, and test results: (a) experiment devices, (b) cell temperature increase.

In Equation (56), Py, is the heating power of the PTC, mj, is the cell mass, and AT /At
is the slope of the temperature line in Figure 3b. The tested C, of the 50 Ah prismatic cell is
989 ]/ (kg-K).

The thermal conductivities of the cell were measured based on the transient plane
source (TPS) method [32]. Figure 4 gives the test devices for the cell thermal conductivity.
The cell was covered with the aluminum foil and put in a thermostat. Ambient temperature
was set as 25 °C. The sensor was fixed on the aluminum foil. It was used to heat the cell
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and measure the temperature increase. The thermal conductivity test instrument (type:
Hot Disk TPS 3500) provided the sensor with the heating power and measured the thermal
conductivity of cell. The computer was used to display the test results. The theory about
the TPS and the experiment process is presented in Ref. [33]. The measured thermal
conductivity along the cell thickness ky is 1.26 W/(m-K), and the thermal conductivities
along the cell width and height k, and k; are 23.36 W/(m-K).

______________________________________ .

Thermostat Battery cell covered with ! : Thermal conductivity test |
aluminum foil 1 instrument

iy

Heating

power

1

1

1

1 5 ol

1 y L ah
1 i

i -+,
1 ' A
: Temperature Thermal
1 N

1 o

1 =

i =

1

1

L

L — conductivity
b

“ Sensor for heating and
temperature measuring

Figure 4. Test devices for cell thermal conductivity.

2.2. Pack Model
2.2.1. Current Distribution Model

Because the cell temperature has a great influence on resistance [34], the inhomo-
geneous temperature distribution evokes an inconsistent resistance distribution, which
results in the variation in the current through each parallel-connected battery string (PCBS)
and aggravates the inhomogeneous temperature distribution. To accurately calculate the
temperature distribution in the pack and describe the influence of the thermal consistency
among cells on the cell electrochemical performance, the current distribution at the pack
level in the battery model needs to be considered. Figure 5 shows the equivalent circuit of
the 3P4S pack. The total terminal voltage of the parallel battery string in PCBS_j (j =1, 2, 3,
and 4) is calculated by Kirchhoff’s voltage law

V= Via =l = Via = rlia = Va1l ®)

where V; is total terminal voltage of the PCBS_j, V4, (i = 1, 2 and 3) is the cell’s terminal
voltage in the PCBS_4, I, ; (i = 1, 2 and 3) is the branch current through the cell i in the
PCBS_j, and r is the welding resistance. The terminal voltage of cell i in the PCBS_j V; ; is

Vii=Uocv,i — Rjilj (58)

where Upcy is the open-circuit voltage (OCV), R is the resistance, and the subscript (j,7)
is the ith cell in PCBS_j. The current distribution in the PCBS_j is achieved by solving
Equations (57) and (58). It is

1

I 1 0 0 /[0 0 07 [Uocv,1 1
Ij,2 =10 _Rj,l - Rjrz + 2r lez —r 1 -1 0 ]- uOCV,j,Z + |r— Rj,l I (59)
Ij’3 0 R]"z —r 7Rj,2 — R]"3 + 2r 0 1 -1 uOCV,j,3 0
where the subscript j is the jth PCBS or PCBS_j. According to the PP2D model, Upcy can
be calculated by

Uocy = Up(0) — Un(0). (60)
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Figure 5. Equivalent circuit of the 3P4S pack.

In the solution process for the current distribution, the cell resistance in time step f is
calculated according to Equations (58)—(60). Then, they are used to calculate the current
distribution in the next time step (f + 1).

The welding resistance r is computed by pack resistance Ry, and cell resistance R;;.
Firstly, the Ry, and R;; are measured by the test of HPPC (hybrid pulse power charac-
terization) at 1 C discharging rate, SOC of 100%, and 20 °C ambient temperature. Then,
Equation (61) is applied to calculate the r of the 3P4S pack, and r is 0.717 mQ).

1
L 1)
! Zi:l (Rj,,'-&-r)

2.2.2. Thermal Model of Pack

Pack thermal model integrates the cell thermal model, heat generated by the welding
point, and the heat transfer process of the pack. It is

JaT d oT 0 oT d oT
pcpg =5 (kxa> + @ <ky@> + P (kzg> + (9o + ) (62)

Jw is heat production of welding point. It is

2
Ijr

Ju = W (63)

where Vy represents the welding point’s volume. The third kind of heat transfer condi-
tion [35] is employed for the pack thermal model, and it is

oT
—k(—) = (T — T, (64)
on pack_wall ( ¢ C)

where k represents thermal conductivity of the coolant. g—z; indicates the vertical temperature

gradient close to the pack surface, and Ty, means the temperature of the pack surface. T, is
the coolant temperature close to the pack. & represents the heat-transfer coefficient.
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2.3. Solution of Electrochemical-Thermal Model for the Pack

The FEM (finite element method) is applied to obtain the influence of the inhomoge-
neous temperature distribution on the electrochemical performance. Figure 6 gives the
solution process of the model. Firstly, the electrochemical parameters such as electrolyte
concentration, current density, voltage, and the resistance of the cell are calculated by the
PP2D model according to the initial values. Secondly, the current distribution is calculated
based on the voltage and resistance of the cells. Thirdly, the three-dimensional temperature
distribution in the pack is obtained by using the FEM. Finally, the temperature distribution
is fed back to the PP2D model to update the electrochemical parameters in the PP2D model.

Initialize electrolyte concentration c,,
stoichiometry of electrode concentration
0, local volumetric current density j and

Calculate resistance R

Yes

Start the calculation in the

electrode equilibrium potential U

time step of (#+1)

| Calculate terminal voltage V/ |

\ 4

:: Calculate electrolyte concentration c, A 4

Calculate the temperature

| Calculate current distribution / | distribution with ¢,

\ 4

Calculate local volumetric
current density j,

4
I Calculate heat generation rate ¢, I

Calculate the average

temperature of each cell 7'

v

Calculate electrolyte
potential difference

v
Calculate activation

potential No

Calculate solid phase
surface concentration
CS,Z

1 Calculation ends

Calculate electrode equilibrium
potential U

Figure 6. Solution process of electrochemical-thermal model.

3. Experimental Validation
3.1. Experimental Devices

Figure 7 presents the experimental devices for verifying the proposed model for the
pack. The battery tester was used to charge/discharge the battery and measure its terminal
voltage and current. Because the cell and module have different voltages, two battery
testers were employed. The NEWARE BTS-8000 battery tester was for the cell, while the
NEWARE CE7001 battery tester was for the pack. The error of the battery tester was 4-0.1%
for both current and voltage. A thermostat was used to control the ambient temperature
for the cell and the pack. Pt100 platinum thermal resistance detector (PRTD) was used
as the temperature sensor, and its signal was collected by using the Keysight 34970A
temperature collector. The test error of PRTD is 0.15 °C. Figure 8 shows the arrangement
of the temperature sensor. For the cell, three PRTDs were fixed at the center of the cell
surface; for the pack, 24 PRTDs were placed on both sides of twelve cells. The pack used
for the validation was composed of twelve 50 Ah NMC/graphite cells. Four PCBSs were
connected in a series, and three cells were connected in parallel in each PCBS. The capacity
of the pack was 150 Ah, and 1 C was 150 A. In the cell test, the cell temperature was
calculated by averaging the measured temperature from the three sensors; in the pack test,
the cell temperature was achieved by averaging the temperature from the two sensors
located on the side wall of the cell.
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| Program control
_____ I RN S
P e e Battery tester Battery tester R, S
for cell for pack Software

L - ]

::;[:i::t Charge/Discharge ] Charge/Discharge -|-

temperature [ J _______

1
Battery cell Battery pack :

Figure 7. Experimental devices.

Cefll Cell2 ('||J Celld Cell5 Cefl6 Cell7 Cell 8 Cell 9 Cell 10 Cell 11 Cqu 12
—— Point 1 ——— Point 6 —— Point 12

(a) (b)

Figure 8. Location of temperature sensor: (a) in the cell test, (b) in the pack test.

3.2. Verification Results

The electrochemical-thermal model of cell was finite element method (FEM). The
predicted terminal voltage and cell temperature were validated against the test data at
the ambient temperatures of 10 °C, 20 °C, and 30 °C and against the discharging rates of
0.5C,1C, and 2 C. According to the verification results given in Figure 9, the predicted
terminal voltage and temperature develop almost the same as those measured by the
experiment. The maximum difference of voltage is 0.08 V, and that of the temperature is
1.1 °C, indicating that the electrochemical-thermal model is accurate and can be used to
describe the electrical and thermal performance of the cell.

The predicted terminal voltage of the pack and the temperatures of the cells were
verified at different ambient temperatures with a 1C discharge rate. In order to avoid
overdischarging, the discharge starts at SOC = 0.9 and ends at SOC = 0.1. According to the
validation results of the pack presented in Figure 10, the simulated terminal voltage and
the temperature have a similar evolution to the test value. The maximum difference of the
voltage is 0.06 V, and that of the temperature is 1.2 °C. Those small errors prove that the
proposed model can precisely predict the pack’s electrical and thermal performance.
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Figure 9. The verification of single battery under different discharge rate and different ambient

temperature. (a) Temperature increase; (b) terminal voltage.
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Figure 10. The verification of battery pack at different ambient temperature with 1C discharge rate:

(a) temperature increase, (b) terminal voltage.

4. Influence of Inhomogeneous Cooling on Pack

4.1. Uneven Cooling Cases

Table 5 shows the cases of the inhomogeneous cooling. To produce the temperature
distribution, the heat-transfer coefficient from 5 W/ (K-m?) to 220 W/(K-m?) and coolant
temperature (T;) from 10 °C to 30 °C are imposed on both sides of the pack. The other
surfaces of the pack are assumed to be adiabatic. When h is <32 W/(K-m?), air cooling is
applied. When h is >100 W/ (K-mz), water cooling is adopted. Moreover, in the simulation,
the coolant temperature is considered the same as the pack initial temperature. The
discharging rate is 1 C, and the SOC range is from 1 to 0.

Table 5. Parameters of inhomogeneous cooling.

Case T. (°C) h (W/K-m?2) Case T. (°C) h (W/K-m?2)

1 10 5 9 30 100
2 20 5 10 10 175
3 30 5 11 20 175
4 10 32 12 30 175
5 20 32 13 10 220
6 30 32 14 20 220
7 10 100 15 30 220
8 20 100
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4.2. Temperature Distribution of the Pack

Figure 11 gives the temperature increase of cells in the pack due to the fact PCBS_1 and
PCBS_4 are arranged on both sides of the pack, closer to the heat sink. Therefore, tempera-
ture variation in both PCBS_1 and PCBS_4 are wide, while that in PCBS_2 and PCBS_3 are
narrow. As the battery arrangement and heat dissipation arrangement in the battery pack
are symmetrically distributed, the average temperature and discharge current of the battery
in the symmetrical position are the same. When the discharge is over, the temperature
difference reaches the maximum. Maximum temperature differences in both PCBS_1 and
PCBS_4 come to 10.64 °C, while that in PCBS_2 and PCBS_3 is only 1.84 °C. The large
temperature difference caused a large difference in electrochemical parameters between
the cells in these PCBSs and finally led to a large difference in current and SOC between
the parallel-connected cells.
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Figure 11. Temperature increase curve of the cells under the inhomogeneous cooling case 13.

Tables 6 and 7, respectively, show the maximum temperature difference (AT .y _gif)
between cells and the average temperature of the package (Tspe_pack) at the end of discharge.
According to the information in the table, with the increasing of heat-transfer coefficient,
temperature difference inside the pack increases and the temperature of the pack decreases.
For example, when T = 10 °C, AT}y _gjfr increases to 10.64 °C, and Tpye_paek drops to 31.06
°C with the increase of h because the temperature gradient of the pack is required to be
wide to quickly transfer heat. Therefore, better cooling will cause lower Ty, ek, but the
temperature between batteries changes greatly, which greatly affects the consistency of
SOC between batteries.

Table 6. Maximum temperature difference between cells (°C).

T,=10°C T,=20°C T.=30°C
h=5 0.95 0.80 0.72
h=32 4.50 3.93 3.45
h =100 8.32 7.29 6.40
h=175 10.03 8.78 7.70
h=220 10.64 9.30 8.15

Table 7. Volume-weighted average temperature of pack after discharge (°C).

T,=10°C T.=20°C T.=30°C
h=5 36.66 42.75 49.36
h=232 34.72 40.91 47.89
h =100 32.49 38.96 46.19
h=175 31.44 38.05 45.39

h=220 31.06 37.72 45.11
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4.3. Current Distribution of the Pack

Figure 12 presents the current distribution of the pack under the inhomogeneous
cooling case 13. All four PCBSs in the battery pack have a similar pattern. The current of
the cell in the middle of the PCBS approaches the average value, that is, one-third of total
current passing the battery pack. The current of the other two batteries varies greatly, which
is greater than or less than the average value. PCBS_1 and PCBS_4 have a large temperature
difference, resulting in a large difference in their internal current. In the discharge process,
the current of the battery with higher temperature in each PCBS first decreases from the
average current in the early stage of discharge and then increases in the middle stage of
discharge and gradually exceeds the average current, becoming the larger current in the
battery pack. Therefore, the current difference in the battery pack first increases, then
decreases, and then increases. As shown in Figure 12, the maximum current difference of
the battery pack at 1 C is 16.87 A, which is 33.74% of the average value. Furthermore, the
large current difference leads to the inconsistency of SOC between cells.
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Figure 12. Current distribution of the pack under the inhomogeneous cooling case 13.

Table 8 shows the maximum current difference (Al;5x_giff) between batteries in the bat-
tery pack. With the heat transfer progressively strengthening, current difference increases.
When T. =10 °C, Alyy_giff gtows by 1506.2% with the increase of 1. The results show that
the enhanced cooling of can lower the temperature, but it will cause poor temperature
homogeneity and a large current gap in the parallel branch in the battery pack.

Table 8. Maximum current difference (A).

c=10°C c=20°C c=30°C
h=5 1.12 0.75 0.51
h=32 5.99 4.04 2.70
h =100 12.45 8.38 5.57
h=175 15.70 10.57 7.01
h =220 16.87 11.36 7.53

4.4. SOC Distribution of the Pack

Figure 13 shows the SOC of cells under the inhomogeneous cooling case 13. Since
the current in PCBSs determines the SOC of each battery, the SOC distribution in PCBSs
has a likeness to the current distribution. Owning to the big current non-uniformity in
PCBS_1 and PCBS_4, the batteries in these PCBSs have a bigger SOC gap than those in
PCBS_2 and PCBS_3. As shown in Figure 14, the maximum SOC difference (ASOC,qx_dify)
in PCBS_1 is 4.89%, and that of PCBS_2 is only 0.40%. In each PCBS, the SOC decreases
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with the expansion of the distance from the battery to the coolant, which is because of the
bigger current caused by the higher temperature.
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Figure 13. SOC of cells under the inhomogeneous cooling case 13.
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Figure 14. SOC difference of cells under the inhomogeneous cooling case 13.

Table 9 gives the maximum SOC difference (ASOC,sy_gif). During the discharging
process, it can be seen from Table 9 that due to the huge current change caused by cooling,
the coolant with bigger / has a larger SOC non-uniformity on the module. When T = 10 °C,
ASOCx_giff increases by 1530% with the increase of h.

Table 9. Maximum SOC difference (%).

c=10°C c=20°C c=30°C
h=5 0.30 0.21 0.14
h=232 1.65 1.10 0.73
h =100 3.52 2.31 1.52
h=175 4.52 2.95 1.92
h =220 4.89 3.19 2.07

Figure 15 depicts the relationship of coolant temperature T, the maximum temperature
difference ATy gif, and the maximum SOC difference ASOC,4y_gifr under the inhomoge-
neous cooling case 13. For the pack designed as the maximum 1C discharge rate, the cell
equalization goal of the control objective is to let ASOC,4,_gif less than 2%. Consequently,
take ASOC 4z _giff = 2% as the standard to determine the temperature difference of cells
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in the pack, hoping objective AT,y g can always make ASOC;5,_giff remain less than
2%. In Figure 16, as T, increases from 10 °C to 30 °C, the objective AT}, 4 boundary
increases from 5.21 °C to 7.94 °C. The result illustrates that the objective AT,y _gig for the
cell equalization is not a stable value but increases with the coolant temperature.

4 SOCmaV_(iﬂ' (7o)
5.000

- 4.000

- 3.000

2.000

Az:)m\‘_dﬁ‘(cc)

1.000

2Zone of ASOC4 an <2%

0.000

10 15 20 25 30
1O

Figure 15. Relationship among T¢, AT} giff and ASOCysy_gir under the inhomogeneous cooling
case 13.

4.5. Electrochemical Parameters of the Pack

Under the condition of uneven heat dissipation, the current of each battery in PCBSs
is different, resulting in uneven battery SOC. Therefore, it is necessary to study how the
electrochemical parameters affect the current distribution. Furthermore, according to
Formula (61), in order to meet the equation conditions, the current passing through the
battery with low terminal voltage V will be smaller. Therefore, the study of influence
of electrochemical parameters on current distribution can be converted to the study of
influence of electrochemical parameters on terminal voltage changes.

From Formula (54), we can see the influencing factors of terminal voltage V. For
convenience of interpretation, make the open-circuit voltage Uocy = U, — Uy, the elec-
trolyte potential difference A¢, = ¢en(0) — ¢ep(0), and the activation overpotential dif-
ference A1 =1,(0) — 17,(0). In this paper, the Rsg; of formula (54) is 0, so the terminal
voltage V is only affected by the open-circuit voltage Upcy, the electrolyte potential dif-
ference A¢,, and the activation overpotential difference Az. Formula (54) is simplified to
V=Uocv — Ape — An.

100
— Uocv,1-Uocv, 3
80 - AI’]]_-AI')3
- A¢e,1'A¢e,3
Z 601
T
(o]
=
g 40
20
0

0 600 1200 1800 2400 3000 3600
Time(s)

Figure 16. The difference of open-circuit voltage, the activation overpotential difference, and the
electrolyte potential difference between cell 1 and cell 3 under the inhomogeneous cooling case 13.



Electronics 2023, 12, 1266

21 of 26

In PCBSs, the cells with the largest temperature difference are cell; and cellz. Figure 16
shows the difference of open-circuit voltage (Upcy,1 — Uocy,3), the difference of the
activation overpotential difference (Ay; — Ays), and the difference of the electrolyte po-
tential difference (A¢e1 — A¢e3) between cell 1 and cell 3 under the inhomogeneous
cooling case 13.

As shown in Figure 16, compared with the difference of the open-circuit voltage
(Uocv,1 — Uocv,3) and the difference of the activation overpotential difference (A1 — Ay3),
the difference of the electrolyte potential difference (A¢,1 — A¢e,3) is one order of mag-
nitude smaller, so it can be ignored. Therefore, the change of terminal voltage is mainly
determined by the open-circuit voltage and the activation overpotential difference.

It can be seen from the calculation formula in Table 4 that the Upcy is determined by
SOC. The activation overpotential is calculated by Formula (26), so it is mainly affected
by the electrochemical parameters jr and ip. The activation overpotential 7 is positively
correlated with jr and negatively correlated with iy. Similarly, due to the negative sign in
front of 77,(0), which is just offset by the negative signs of j¢,, the activation overpotential
difference A is positively correlated with the absolute value of jrand negatively correlated
with ip.

Figure 17 shows the jr of PCBS_1 under the inhomogeneous cooling case 13. It can be
seen from Formula (42) that j¢ is mainly affected by the current. This is also consistent with
the results obtained. As shown in the Figure 16, the changing trend of the absolute value of
Jris consistent with the current but is little affected by temperature.

450,000 -250,000
—_— jf, n(ZPZD, n=0) of Cell 1 — jf, p(zPZD,pzo) of Cell 1
400,000]| — Jr.n(2p20,n=0) of Cell 2 ~300,000| |~ Jp(Zp20,570) of Cell 2
—— Jj£.n(Zp2p, n=0) of Cell 3 —— Jf,p(Zp2p, p=0) of Cell 3
@_ 350,000 @ -350,000
£ 3
< <
< Q
. 300,000 . -400,000
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2OOEOOOO 600 1200 1800 2400 3000 3600 _500'0000 600 1200 1800 2400 3000 3600
Time(s) Time(s)

Figure 17. j; of PCBS_1 under the inhomogeneous cooling case 13.

Tables 10 and 11 display the maximum local volumetric current density difference
(Ajfmax_di) in the discharge process. As seen from Tables 10 and 11, because of the huge
current change caused by cooling, the coolant with a large heat-transfer coefficient has
large Ajs yuax_aigr- When Te =10 °C, Ajgy max_dif and Ajgp max_giff increase by 1438% and 1414%,
respectively, with the increase of /.

Table 10. Maximum local volumetric current density difference at the negative electrode (Aj¢y, yax_dif)
in the discharge process (10* A/m3).

T.=10°C T.=20°C T.=30°C
h=5 0.76 0.53 0.34
h=32 4.10 2.75 1.81
h =100 8.55 5.72 3.75
h=175 10.81 7.23 473

h =220 11.62 7.78 5.09
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Table 11. Maximum local volumetric current density difference at the positive electrode (Djp, max_diff)
in the discharge process (10* A/m?3).

T,=10°C T,=20°C T,=30°C
h=5 0.85 0.57 0.39
h=232 4.57 3.09 2.05
h =100 9.50 6.41 4.24
h=175 11.98 8.09 5.34
h =220 12.87 8.70 5.74

Figure 18 shows the iy of PCBS_1 under the inhomogeneous cooling case 13. It can be
seen that iy increases with temperature increase, which is primarily due to the effect that
reaction rate constant k increases with temperature.

15
i8(zp2p, n=0) of Cell 1
1 — i8(zp2p, n=0) of Cell 2
i§(zp2p, n=0) of Cell 3
(:.\0.9
S
<
-2 0.6
i8(zp2p, p=0) of Cell 1
> —— i8(zp2p, p=0) of Cell 2
—— i8(zp2p, p=0) of Cell 3
0.00 600 1200 1800 2400 3000 3600 O 600 1200 1800 2400 3000 3600
Time(s) Time(s)

Figure 18. iy of PCBS_1 under the inhomogeneous cooling case 13.

Tables 12 and 13 give the maximum exchange current density difference (Aip yax_dif)
in the discharge process. It can be seen from Tables 12 and 13 that because of the huge
current change caused by cooling, the coolant with a large heat-transfer coefficient has
large Aig yax_diff on the module. When T; =10 °C, Aig  max_aiff and Aig y, yuax_aifr increase by
1100% and 875%, respectively, with the increase of h.

Table 12. Maximum exchange current density difference at the negative electrode (Aig s, juax_giff) in

the discharge process (A/m?).

T.=10°C T.=20°C T.=30°C
h=5 0.02 0.02 0.03
h=32 0.11 0.11 0.12
h =100 0.19 0.20 0.23
h=175 0.22 0.24 0.27
h =220 0.24 0.26 0.29

Table 13. Maximum exchange current density difference at the negative electrode (Aig gy _giff) in

the discharge process (A/m?).

T,=10°C T.=20°C T.=30°C
h=5 0.04 0.04 0.05
h=232 0.18 0.20 0.22
h =100 0.32 0.35 0.39
h=175 0.37 0.41 0.46
h=220 0.39 0.43 0.48

To sum up, the current distribution in the early stage of battery discharge is determined
by temperature. The i of the battery with lower temperature is lower, resulting in the
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activation overpotential difference Ay higher, which affects the gradual decrease of its
discharge current. In the middle discharge stage of discharging, open-circuit voltage
Upcy begins to play a leading role due to the gradually increasing SOC gap. Due to the
higher SOC, the discharge current of the battery with lower temperature began to increase
and gradually became a larger current in the later stage of discharge, and the SOC gap
between batteries began to narrow. In the later stage of discharging, the battery with
lower temperature has higher current, so its iy is lower and its j; is higher, resulting in a
larger activation overpotential difference Ay. Although the SOC gap between batteries is
narrowing, the Upcy accelerates to decrease with the decrease of SOC at the later stage of
discharging. As a result, the open-circuit voltage gap between batteries gradually becomes
larger, and the Upcy still plays a leading role. The SOC of batteries with lower temperature
is higher, and the discharge current continues to increase due to higher Upcy. Therefore, in
general, the discharge current of the battery with lower temperature first decreases in the
early stage of discharge, increases in the middle stage of discharge, gradually exceeds the
current of the battery with higher temperature, and becomes a larger current in the late
stage of discharge.

As for SOC, the difference between the battery with lower temperature and the battery
with higher temperature first increases and then decreases. While cooling the battery pack
with coolant can reduce the temperature, this will lead to poor temperature homogeneity
of the parallel branch. The increasing of the temperature difference will lead to a greater
difference in the electrochemical parameters, which will affect the voltage and current and
ultimately affect the greater unevenness of the battery SOC.

5. Conclusions

In this paper, the electrochemical thermal coupling model of the parallel battery pack
was established. Then, it is used to study the uneven temperature distribution and the
coupling relation between electrical and electrochemical parameters in the battery pack
under different heat dissipation conditions. The mechanism of how the battery pack
temperature difference affects the SOC distribution was also clearly found. According to
the results, the following conclusions can be drawn.

(1) The temperature difference in the battery pack caused by cooling led to the incon-
sistency of SOC. It is found that the discharge current of the cell with lower temperature
decreases at the initial stage of discharge, increases at the middle stage of discharge, and
gradually exceeds the current of the battery with higher temperature to become a larger
current in the late stage of discharge. The current distribution at the early stage of battery
discharge is determined by temperature. The iy of the battery with lower temperature
is lower, resulting in the activation overpotential difference Az higher, which affects the
gradual reduction of its discharge current. The open-circuit voltage Upcy plays a leading
role in the middle and late stages of discharge. The open-circuit voltage Upcy of batteries
with higher SOC is higher, so the discharge current of batteries with lower temperature is
further increased. During the whole discharge process, the SOC gap in the battery pack
first increases and then decreases.

(2) Good cooling can reduce the average temperature of the battery pack, but it will
cause a huge temperature gradient inside the pack. In addition, an overly high temperature
gradient inside the battery pack will affect the electrochemical parameters, thus making
the current uniformity worse. When T =10 °C, AT}, _gifr increases by 1120% and Al gif
increases by 1506.2% with the increase of h.

(3) Good cooling brings great SOC non-uniformity to the battery pack. When T, = 10 °C,
ASOCqx_gif increases by 1530% with the increase of h. Therefore, the control of battery
pack temperature and temperature difference is contradictory and should be balanced. In
addition, when the initial temperature, coolant temperature, and ambient temperature
are set to the same value, the objective maximum temperature difference AT);y_gjr most
suitable for controlling the uniformity of SOC increases with the increase of T.. When T,
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increases from 10 °C to 30 °C, the objective AT}, 4 boundary to maintain ASOC,qy_gif
within 2% increases from 5.21 °C to 7.94 °C.

Author Contributions: Conceptualization, Z.D. and Y.X.; methodology, Z.D. and X.M.; software,
X.M.; validation, Y.X., XM. and Z.D.; investigation, K.Z., B.C. and Y.F; writing—original draft
preparation, X.M.; writing—review and editing, Y.X.; visualization, Y.X. and X.M.; supervision, K.Z.,
B.C. and Y.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
52102420). The authors gratefully acknowledge the great help of the fund.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

A Electrode plate area, m?

g Specific interfacial surface area, m~!

Ce Electrolyte concentration, mol m3

Ce0 Average electrolyte concentration, mol m~3
Cs Solid-phase concentration, mol m—3

Cse Solid-phase surface concentration, mol m—3
c Volume-averaged solid-phase concentration, mol m~3
D; Solid-phase diffusivity, m?s~!

D, Electrolyte phase diffusivity, m?s~!

F Faraday’s constant, 96,487 C mol !

I Current, A

i Exchange current density, A m 2

j Reaction flux, mol m—2 g1

Jr Local volumetric current density, A m 3

k Reaction rate, mol~%°m25g—1

L Thickness, m

Q Total amount of lithium-ion in each region, mol m—2
q Volume-averaged concentration flux, mol m—*
R Battery resistance, ()

Rs Particle radius, m

T Temperature, K

r Welding resistance, ()

t Time, s

t* Lithium-ion transfer number

u Electrode equilibrium potential, V

Uocv Open-circuit voltage, V

Vv Terminal voltage of battery, V

x ID coordinate across the cell, m

z ID coordinate across electrode/separator, m
£ Active material volume fraction

£ Electrolyte volume fraction

0 Stoichiometry of electrode concentration

) Stoichiometry at 0% SOC

0100 Stoichiometry at 100% SOC

Kg, Ke Charge transfer coefficient

o Solid-phase conductivity, S m~!

K Electrolyte phase conductivity, Sm~!

@s Solid-phase potential, V

Qe Electrolyte phase potential, V

N Activation overpotential, V

dlnfy /dinc,  Activity dependence
At Sampling step, s
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