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Abstract

A high-fidelity electrochemical-thermal coupling was established to study the polarization characteristics of power lithium-ion
battery under cycle charge and discharge. The lithium manganese oxide lithium-ion battery was selected to study under cyclic
conditions including polarization voltage characteristics, and the polarization internal resistance characteristics of the power
lithium-ion battery under cyclic conditions were analyzed via the Hybrid Pulse Power Test (HPPC). The results show that for
different working conditions, the polarization voltage difference of the power lithium-ion battery is mainly affected by the change
in polarization internal resistance. A higher charge-discharge rate, lower ambient temperatures, and more cycles lead to a greater
polarization internal resistance of the battery. Meanwhile, the ohmic polarization internal resistance and the concentration
polarization internal resistance of the power lithium-ion battery both exhibit different characteristics under different working
condition. In addition, the internal resistance of the ohmic polarization is not affected by the change in current, but it is
significantly affected by the change in ambient temperature. Therefore, the ohmic polarization voltage reacts rapidly with
changes in the charge/discharge state of the battery; the change of the internal resistance of the concentration polarization is
relatively slow.

Keywords Power lithium-ion battery - Cycle charge and discharge - Electrochemical-thermal coupling model - Ohmic
polarization - Concentration polarization

Introduction

Lithium-ion batteries has been widely used in new energy
vehicles due to their high energy density, long cycle life, and
high work efficiency [1, 2]. However, the lithium-ion batteries
used in complex conditions will inevitably display some de-
gree of polarization. This increases the terminal voltage of the
battery and leads to a virtual potential of the fully charged
battery; this then reduces the energy density of the battery.
Hu et al. [3] proposed a fractional-order equivalent circuit
model and parameterized this using a Hybrid Genetic
Algorithm/Particle Swarm Optimization method. The model
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can predict the voltage response with a root-mean-squared
error of less than 10 mV under various driving-cycle-based
tests. Perez et al. [4] proposed an innovative approach to de-
vising optimally health-conscious fast-safe charge protocols.
This mathematical model of a multi-objective optimal control
problem was formulated via a coupled electro-thermal aging
battery model. The Legendre-Gauss-Radau pseudo spectral
method with adaptive multi-mesh-interval collocation was
employed to solve the highly nonlinear six-state optimal con-
trol problem. Here, severe polarization leads to accumulation
and crystallization of large amounts of Li" near the negative
electrode of the lithium-ion battery. This in turn affects the
safety and service life of the battery [5, 6]. Therefore, research
on the polarization characteristics of power lithium-ion batte-
ries has become a key point in the optimal design of battery
power systems [7-9].

Most early studies on the characteristics of power lithium-
ion batteries used experimental methods [10—12] and were
complicated using many resources. Unfortunately, it still re-
mains difficult to achieve multi-physics control due to the
complicated experimental environment.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-019-04282-w&domain=pdf
mailto:shi_wankai@sina.com

1888

J Solid State Electrochem (2019) 23:1887-1902

Research on polarization characteristics based on numeri-
cal models has developed rapidly in recent years via advances
in electrochemical theory and computer technology. The liter-
ature [12—15] details the influence of the polarization voltage
on the terminal via the equivalent circuit model of lithium-ion
batteries. Nyman et al. analyzed the principle of the generation
of the polarization voltage using electrochemical numerical
model. Yang et al. [16] analyzed the polarization characteris-
tics of lithium-ion batteries in different charging modes based
on the electrochemical-thermal coupling model. Yao etal. [17]
studied the effects of SOC, charge/discharge rate, charge/
discharge mode, and ambient temperature on the polarization
voltage of lithium-ion batteries via experimental method. Li
et al. [18] quantitatively analyzed the ohmic polarization, con-
centration difference polarization, and activation polarization
of LiFePO, power batteries under different discharge rate
based on the electrochemical-thermal coupling model. Kang
et al. [19] proposed a practical method to analyze the time
dependency of the elementary polarization in the process of
current pulse discharging. The influence of the uncompensat-
ed ohm resistance, interfacial impedance, and diffusion im-
pedance to the total cathode polarization was then deeply
studied and examples of high-power batteries have been re-
ported. Ohzuku et al. [20] discovered that the chemical polar-
ization characteristic of the lithium insertion electrodes partic-
ipated in the electrode processes for storing and delivering
electricity in batteries. However, complete elimination of the
ohm voltage drop superimposed with chemical polarization is
difficult, mainly because of the porous nature of the electrolyte
thin film used to separate electrodes.

This paper used engineering to improve a real lithium-ion
battery via a high-fidelity electrochemical-thermal coupling
model, which restores the working state of lithium-ion battery
under complicated working conditions with high precision
mathematical model. The polarization voltage of the power
lithium-ion battery under cyclic charging-discharging condi-
tions is studied according to the high-fidelity electrochemical
coupling model. The HPPC experimented method is applied
to analyze the polarization of internal resistance characteristics
of power lithium-ion batteries under different working condi-
tions. The results of the polarization voltage of the numerical
model are very consistent with the law of polarization internal
resistance obtained by HPPC experiments. This indicates that
the model is effective and the analysis results are reliable.

The paper is organized as follows: the “Experimental equip-
ment and the battery” section describes the experimental equip-
ment and the battery to be researched. The “Electrochemical-
thermal coupling model” section illustrates the construction of
the electrochemical-thermal coupling model. The “Analysis of
calculation results” section reports the effects of cyclic charge/
discharge, charge-discharge current rate, temperature, and cycle
times on the polarization voltage are analyzed based on the math-
ematical model. The “HPPC experimental analysis” section
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discusses the relationships between the internal resistance of the
battery with the SOC, temperature, and current multiplier from
HPPC experiments; these are then compared with the results of
previous mathematical models.

Experimental equipment and the battery

The battery charging/discharging equipment is the Bet’s bat-
tery test system (BTS15005C) made in Ningbo, China.
Figure 1 b shows that up to four independent experiments
can be operated simultaneously due to the multiple channels
of the system. It can realize different experimental conditions
such as constant current, constant Voltage, and constant power.
The experimental data can be collected in real time with high
accuracy. The incubator is a high-temperature test chamber
(HL404C, Fig. 1a) manufactured in Chongqing, China. The
temperature range can reach —40 to 150 °C. The equipment’s
specific parameters are detailed in Table 1.

Electrochemical-thermal coupling model

The structure and principle
of the electrochemical-thermal coupling model

The research object of this paper is a laminated polymer-
powered lithium-ion battery. The electrochemical principle
model is based on the pseudo-two-dimensional (P2D) model
proposed by Newman et al. [21]. Since the cell model is much
smaller in the thickness direction (x) and the particle radius
direction (r) than in the length direction and the width direc-
tion, the transfer of lithium ions in the liquid phase is generally
considered to be uniformly transmitted along x. The electro-
chemical model is established by taking the x-direction as the
unit surface. Figure 3 shows that the model is made of five
parts, including a positive current collector, a positive elec-
trode, a diaphragm, a negative electrode, and a negative cur-
rent collector. The gel polymer electrolyte fills the entire inte-
rior of the cell as a medium for Li* transfer between the pos-
itive and negative electrodes. A schematic diagram of the
electrochemical-thermal coupling model is shown in Fig. 4.
The electrochemical model generates heat rate that affects the
temperature of the single cell according to the energy equa-
tion; the cell temperature change would affect the battery per-
formance parameters according to the Arrhenius equation.

Equations of the electrochemical-thermal coupling
model

The electrochemical model can be described by five state partial
differential equations, including the following: solid-phase and
liquid-phase electron conservation equations, solid-phase and
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Fig. 1 Pictures of experimental
equipment: a incubator; b Bet’s
battery test equipment

a

liquid-phase charge conservation equations, and reaction kinetics
equation. These five equations reflect the material distribution of
the solid phase in the r direction, the potential distribution of the
solid phase in the x-direction, the material distribution and poten-
tial distribution of the liquid phase in the x-direction, and the
electrochemical reaction rate [22]. Meanwhile, the electrochem-
ical model also considers side reactions during cyclic charge and
discharge. The effect of temperature changes of a single-cell
lithium-ion battery on the electrochemical model is reflected in
the Arrhenius equation, and the effect of the electrochemical
model of the cell on the cell temperature is determined via the
heat production equation. The heat production model consists of
the battery’s energy conservation equation and the heat genera-

Electron conservation equation

The numerical model conforms to the theory of porous elec-
trodes. The solid phase ions are evenly distributed in the elec-
trode. Each point in the x-direction of the electrode has an
embedded particle. Therefore, there is an r-direction particle
distribution at the corresponding position in the x-direction,
and the distribution satisfies Fick’s second law:

Ocs(x,1,r) Dy {rz Ocy(x, 1, r)

a2 d,

] =0 r€(0,R,) (1)

where r € (0, R,) is the radial coordinate ¢ (x, ¢, ) is the lithium-
ion concentration distribution function inside the solid phase

tion equation of the battery.

Table 1 Equipment parameters

spherical particles, and Dj is the solid phase diffusion coefficient.

Charging equipment

Equipment model

BTS15005C4

System function

Working pattern

Range of charging voltage
Range of discharging voltage
Range of charging current
Range of discharging current
Voltage precision

Current precision

Minimum frequency recorded
Incubator

Equipment model
Temperature range
Temperature fluctuation range

Temperature evenness

Working modes, cycle lift test, uniformity of battery strings test, DC internal
resistance test, voltage and capacity test, charge-discharge properties test,
retention of charge

Constant current charge, constant voltage charge, constant current discharge,
constant voltage discharge, constant power discharging

0-5V

0.8-5V

0.3-80 A

0.3-150 A
£(0.1%FS + 0.1%RD)
£(0.1%FS +0.1%RD)
05s

HLT404C
—40-150 °C
<£0.5°C
<2°C

The battery to be tested is the LG (PHEV) battery shown in Fig. 2. Its parameters are shown in Table 2.
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Fig. 2 Picture of LG (PHEV) battery

Lithium-ion concentration distribution inside the initial sol-
id phase spherical particles is given as:

Ocs(x,1,7)|,_o = Ocs o (2)

The boundary conditions are:

L
5’1 55(:[7 () 51)
Cathode Diaphragm Anode
.99
' :> ‘O A > il A" R ).

Current Q i O : e O . * M Current
collector B O Q 2 O O. S collector
(Cu) L e ] o (" (AD)

X

Li C,

Li, MO,

Fig. 3 Electrochemical schematic diagram of the power lithium-ion
battery model

Here, ¢ is the solid phase volume fraction
The formula for the conservation of lithium ions in electro-
lytes is:

O @[ e
Lt = 2o Zamn] + - IED g

where c.(x, f) is the lithium-ion concentration distribution
function in the electrolyte phase, . is the liquid volume frac-
tion, ¢, is the transfer coefficient of Li*, and Dgﬁ is the effec-
tive particle diffusion coefficient of the liquid phase satisfying
the Rugman correction. According to the Bruggeman relation-

Ocs(x, t,r
Dy 8(64;’7) =0 (3)  ship, DT = D.eBuee where D, is the diffusion coefficient of
r=0 the electrolyte phase.
D ey (x, t,7) _ _Jelx0) 4) The governing equation for the lithium-ion concentration
Yoor =R, asF in the positive and negative regions is:
Here, j{(x, t) is the distribution function of the local current ige jcelx, 1) = 9 {szjf, ECe(x, t)} 4 (1—t+)j £(x, 1) j=pmn
density in the x-direction with time 7, representing the electro- o ox | ™ ox F
chemical reaction rate of the particle surface (j{(x, ) > 0 represents (7)
the release ion); F' is the Faraday constant, and a is the specific he diapk )
surface area of the particle and satisfies the following equation:. The diaphragm area is
3 o o o
=— 5 ff
“=% R 1 = ®)
Table 2 Parameters of the LG
(PHEV) battery Material of Material of L/ U/(V) U,/(V) LI(A)
the anode the cathode (Ah) (A)
Li,MO, Li,Ce 16 T>0°C 4.15 T>0°C 25 0.05C
T<0°C 4.1 T<0°C 2.0

C is the rated capacity of the battery; /; is the discharge current of the battery at the rated capacity C of 1 h; Uj is
the cell charge cut-off voltage; U, is the cell discharge cut-off voltage; and /; is the cell charge cut-off current
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Fig. 4 Schematic diagram of the
electrochemical-thermal
coupling model

v

where €. ,, e, fim, and &, are the volume fractions of the
positive electrode, the electrolyte, and the negative electrode,
respectively. Terms ¢, #,, and DS are in the positive elec-
trode, the electrolyte, and the negative electrode; these are
constants having unequal values. The boundary conditions
are as follows:

0 0
acc(x, t) x=0 — 075(50()@ t) . =0 (9)
0 0

eff eff

- —C t)|x=s- =D — Col(x,t 10
en 5y e(x7 ) 5, e,film ox e(x )x:5"+ ( )

0 0

ft i

- ee:,ﬁlma_xce(x7 1) |x=6y+85 = _Dz,ﬁlmace(xv y -

(11)

As shown in Fig. 3, 6, dsim, and 6, represent the thickness
of the positive electrode, diaphragm, and negative electrode
region, respectively, and L is the total thickness of the battery
from the negative electrode to the positive electrode.

The initial concentration of the liquid phase is:

Colx, 1)] o = Ce(x,t) x€(0,L) (12)

Charge conservation equation

The conservation of charge in the solid phase of the electrode
satisfies Ohm’s law:

2| S| =0 we.r) (13)

where ¢(x, H)and o°™ are the solid phase potential distribution

Arrhenius equation

/

Temperature
correlation coefficient

Ambient temperature
In

0

Convection and Radiation

Single cell
temperature T’

N

Energy equation

—Pseudo-two-dimensional, P2D

function and the effective conductivity, respectively; o° can
be evaluated by the active material reference conductivity, i.e.,
o= ge..

The conductivity is assumed to be constant (i.e.,
x€(0,8,) 0 = o°T xe(0y + Ogim, L) 0 = gﬁ)in the neg-
ative electrode, the separator, and the positive electrode. The
boundary conditions on the current collector are proportional
to the applied current:

=

0 0
_Jeffi(ybs(xa t) x=0 = _Ueffaqss(xa t)

ox

x=L

where A is the plate area, and /(¢) is the anode discharge cur-
rent that conforms to the symbol convention. Zero current
conditions are required to meet the boundary conditions in
the diaphragm.

=0 (15)

X=0n~+0film

0 0
a(bs(xv t) x=0y, = gd)s()@ t)

The law of conservation of the charge of the electrolyte
phase is as follows:

P 0 0 0
— [RCHa‘ﬁc(X, l‘)} Jra {"f%ﬁalncc:(xv t)] +Jjilx 1) =0 (16)

Ox
where ¢.(x, ?) is the electrolyte phase potential, and <M is the
effective ionic conductivity. According to the Bruggeman re-
lationship, ke = ns?mgg can be obtained, where & is the ionic
conductivity of the electrolyte and xS is the effective ion
diffusion conductivity of the electrolyte. Thus,
eff

rEl = 2RI (1, -1).

The boundary conditions at the two current collectors are
zero flux.
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0
_¢e(x7 t)

- =0 (17)

x=L

0
x=0 — a(be(xv t)

The flux continuity can be described as following at the
electrode membrane interface:

e,
eff ¥ ¢
K ax (bc (x7 )

eff 0

0 0
+ Kp ace(x; t) x = Reﬁgqbc(xa Z) + H%ﬁace(xv t)

X4

(18)

Electrode dynamic

The material distribution of the field variables c4(x, t, ), co(x,
1), ¢s(x, £), and ¢.(x, £) is inflected by the aforementioned dif-
ferential Egs. [1], [2], [3], and [4]; the Butler-Volmer electro-
chemical kinetic equations are solved by coupling four field
variables together. The influence of the SEI film growth of the
battery on the battery performance parameters must be con-
sidered to ensure the high-fidelity of the numerical model in
the state of cyclic charge and discharge. Since the SEI film
thickness of the battery side reaction occurs mainly in the
negative electrode region, the numerical model used here only
analyzes the side reaction state of the negative electrode. The
internal current density of the battery is given as:

jf(x7[) :jf,m(xvt)+jf,s(xvt) (19)

where jr m(x, 7) is the main reaction current density distribu-
tion, and the time relationship function satisfies Eq. (6); ji, s(x,
f) is the side reaction current density distribution function.
Since the film thickness of side reaction of the battery is irre-
versible, the electrode dynamics equation describing the film
thickness of side reaction can be replaced by the Tafel equa-
tion in the formula (7):

Fralont) = i) [ exp 7 ) 0) (20)

Jrso,1) = asio(x, 1) {exp ( %) n(x, t)} (21)

where a; is the battery transfer coefficient, iy(x, ?) is the current
density of the corresponding one-way absolute reaction rate
when the electrode potential is 0, and «,, c., and « are the
electrode reaction transfer coefficient, o, + . = 1.

The over-potential 74(x, £) of the side reaction satisfies:

ﬂs(x7 t) = ¢s(x7 t)_¢e(x7 t)_Ug'ef <9j (xv t))

RRsgj .
—Lj(x,1)

(22)
j=n,pxe(0,L)

S
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where the equilibrium potential, U gef, is usually taken as 0.4 V
for the SEI film thickening side reaction. After obtaining the
internal anode SEI film thickening side reaction rate, the cor-
responding thickening rate of the SEI film is as follows:

O0fiim ()C, t) Mp

= — i t 23
S = oIl ) (23)

where dgm(x, ©) is the thickness distribution function of the
SEI film. Term M, is the average molar mass of the reaction
product, and p;, is the average density of the product. The film
resistance distribution of the SEI film is:

Osiim (x, 7)

p

Reiim (x, ) = Rspr + (24)

Since the SEI film thickening side reaction is irreversible,
the corresponding rate of battery capacity decay can be
expressed as the loss rate of lithium ions:

0

ot = Onjf,s(xa I)Adx (25)

Here, Q is the total amount of recyclable lithium-ions.

Arrhenius equation

To obtain a high-fidelity electrochemical model, the Arrhenius
relationship between the model parameter properties and the
reaction temperature 7 satisfies the following equation:

EY. /1 1
ac _ 2
R (Tref T)] (26)

Term ) is the temperature-related parameter, 7, is the
reference temperature, and v,.ris the value when the reference
temperature is 25 °C. The temperature sensitivity of each sin-

1/1 = ’djref eXp

gle 1) is controlled by the activation energy EY,(J /mol).
Energy conservation equation

Assuming that the battery reaction temperature is evenly dis-
tributed, the thermal model of this paper is a three-
dimensional model considering the temperature distribution
in the x, y, and z directions. The positive electrode, the nega-
tive electrode, and the diaphragm are different materials.
Thus, to ensure the accuracy of the model, the energy conser-
vation equations used to distinguish the temperature between
the three vary with time as follows:
2 2 2
rCp aa_{ =X 273 + Ay 27{ + Az ZTZ 4 Geony (27)

Here, p is the average density of the battery, and C, is the
specific pressure specific heat capacity; T is the reaction
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temperature; Ay, Ay, and A, are the thermal conductivity in the x,
y, and z directions, respectively. In addition, ¢ is the heat gener-
ation rate of the power lithium-ion battery, g.ony is the thermal
convection on the surface of the battery (heat dissipation rate).
The battery heat generation rate ¢ can be obtained as follows:

9=q+9;+4q.+q, (28)

where g is the irreversible heat of the reaction. Term g; is the ohm
heat, ¢ is the contact resistance heat, and ¢, is the reversible
entropic heat.

The volumetric reaction heat generated in a finite con-
trolled volume is equal to the reaction current j(x, £) multiplied
by the over-potential. Term g; + gj is the Joule heat of the
reaction, obtained by multiplying the volume of the one-
dimensional region of the battery by the reaction heat and
the plate area A.

g+ q; = Al j(d—¢e—U)dx (29)

The reversible entropic heat is:
ou
=—\T—|I(t 30
a=(57 )10 (30)

The ohm heat is generated by the contact resistance Ry
between the current collector and the electrode:

g =107 (31)

Since the current collector is a metal, the Joule heat g,
generated can be neglected.
The heat convection heat dissipation rate g oy satisfies:

2h

9eonv = 7 (TfTamb) (32)

where 4 is the heat exchange coefficient of the surface of the
battery. Term d is the distance between the two thermal planes.

Heat generation equation

For the double electrolyte battery, the total generated heat of
the battery can be expressed as below ignoring the influence

of the mixed enthalpy change and the phase change process
(combined with the electrochemical model):

ou;
0= Zasjinj (@s_ge—Uj) + Zasjiana—Tj + USHVQSZ

+ k@2 + kYD Vinc, (33)

Here, the summation covers all reactions. The first term on
the right represents the deviation of the potential in each con-
trol volume from the equilibrium potential (irreversible heat).
The second term arises from the entropic effects (reversible
heat). Summation of the two parts represents the irreversible
and reversible heats associated with each electrochemical re-
action. The third term represents the ohm heat arising from the
matrix phase, while the last two terms arise from ohm heat in
the solution phase. Note that all the terms that are needed in
Eq. (14) can be predicted using the same electrochemical
model; hence it is possible to simulate the thermal—
electrochemical behavior of the cell [23].

Parameters of the model

The research object is a new energy vehicle polymer-powered
lithium-ion battery. The cathode material is LiyC¢, and the
anode material is LiyMO,. The electrolyte solution is com-
posed of EC: DMC solvent, 1 M LiPF6 and p (VDF-HFP)
has a volume ratio of 1:2. The cathode current collector is
made of Cu, and the anode current collector material is Al.
The material properties and the microscopic model parameters
of the power lithium-ion battery are shown in Table 3 and
Table 4, respectively.

The parameters are obtained from the battery manufacturer,
the specific conditions of the materials, and experiments.

Analysis of calculation results

Analysis of polarization voltage characteristics
under cyclic charge and discharge

When a battery is in operation, the phenomenon whereby the
terminal voltage deviates from the equilibrium potential is

Table 3 Material properties of power lithium-ion battery
Composition Materials Thickness  Density p/(kg/ Thermal conductivity ~ Specific heat capacity ~ Electrical
0i/um m>) MN(W/(mK)) Cy/(J(kg - K)) conductivity o(S/m)
Positive current Collector Al 10 2700 238 900 3.744x107
Cathode Li,MO, 183 4140 30 200 3.8
Electrolyte LiPF6(1:2) 52 2000 20 300 -
Anode Li,Cs 100 2270 1 881 1x1072
Negative current collector Cu 15 8960 400 385 5.998 x107
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Table 4 Microscopic model parameters of power lithium-ion battery

Parameter Cathode Separator Anode

Thickness d&/pm 70 25 50

Particle radius Ry/m 1.25x10°° - 2x10°

Active substance component & 0.471 - 0.297

Polymeric phase component ¢, 0.026 0.5 0.073

Electrode plate area A/m> - 1.3768 -

Conductor filler component ¢ 0.147 - 0.186

Porosity e, 0.357 0.5 0.444

Current collector contact resistance - 2x107 -
R/(Qm?)

Initial concentration of lithium-ion 1.4870 x 10* - 039 x 10*
C, o/(mol/m®)

Maximum solid concentration Cs, 2.639 % 10* - 2.286x 10*
max/(mol/m?)

Charging-transfer coefficient o, o 0.5 - 0.5

Li* diffusion coefficient of electrolyte - 75%x10°"° -
phase D,/ (m?/s)

Bruggman coefficient 33 33 33

Li* diffusion coefficient of solid phase 3.9x107"8 - -
DyJ(m?*s)

Electrolyte activity coefficient f. - 1.0 -

Li* transfer quantity ¢, - 0.363 -

Faraday constant F/(C/mol) - 9.6487 x 107*

kAm®*/mol' 9.6487 % 10°° - 2.89461 % 10°°

Ambient temperature 7/K - 298 -

SEI film resistance Rgpy/(/m?) 5%107° - 1x1073

Li* concentration in the electrolyte phase - 1x10° -
co/(mol/m®)

SOC 1,0x/0 0.98 - 0.995

SOC /0 - 0.175

Activation energy EY, 30 30

Ionic conductivity of electrolyte x/(s/m)
Equilibrium potential of the anode U’ {ff /v

K =0.01 +6.75 x 10#Cc=5.23 x 107C2 + 1.36 x 1071°C3~1.17 x 1074C%-2.20 x 1072 C3
Ut = 6.577-27.410, + 114.7207-225.136, + 207.236,-72.340;
Equilibrium potential of the cathode U™ /V U™ = 2.62¢7555% +0.12

called as battery polarization [24]. The capacity and health
state of the battery are affected by the polarization voltage.
Meanwhile, the internal polarization of lithium-ion batteries
can be divided into ohmic polarization, concentration polari-
zation, and electrochemical polarization. The electrochemical
polarization voltage is very small, and thus is not considered
here. The battery is cyclically charged in the numerical model
according to the working conditions shown in Fig. 5. It is
charged at a constant temperature (25 °C) with a constant
charge rate of 1 C to a cut-off voltage U,. Next, it is charged
to a cut-off current /, at a constant voltage, and later
discharged to a cut-off voltage U at a constant current; finally,
allowed to stand for 1 h.

In a charge and discharge process, the lithium-ion battery
undergoes constant current charging, constant voltage
charging, standing, and constant current discharging, and
standing. The curves of polarization voltage and terminal

@ Springer

voltage of the battery are shown in Fig. 6 during the entire
charge and discharge period. In the initial stage of charge
and discharge, the polarization voltage of the battery re-
sponds rapidly with the change of the terminal voltage.
With a rapidly increasing terminal voltage, the polarization
voltage decreases to a stable state, and the growth rate of the
terminal voltage then slows down. The polarization voltage
continues to decrease during the constant voltage charging
stage. The terminal voltage and polarization voltage of the
stationary stage remain stable after constant voltage charg-
ing. The voltage of the constant current discharge phase
decreases steadily, and the polarization voltage tends to sta-
bilize after reaching a certain value instantaneously. In ad-
dition, once reached the discharge state after the discharge
voltage is cut-off, the terminal voltage rises steadily and
eventually stabilize, and the polarization voltage then rap-
idly drops to a certain value, and tends to stabilize.
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Fig. 5 Current and voltage curve 20 T T T L — T T 4
of numerical model : ! : 14
| ————— ! e Current
15 2 v —?\ = = Voltage 440
7/ o
or | T=25°C; C.=I
Py ] : \~\ : 4 3.6
5r/ ! ‘ s
g | : N 432 5
< Ll ! : ‘ <
~ d ' .
~N [ o b
i b i d e 128
X a by ¢
-5 r | : .........
b a:Constant cum::m':clmrging 424
-10 '- b:Constant voltage charging
b ciRest E E 420
-15 | d:Constant current discharging
e:Rest E E E E 116
220 R 1 Ll . 1 it ) I L 1
0 2 4 6 8 10 12 14x10’
t/s

Figure 7 shows that the ohmic polarization voltage of the
battery does not change significantly during charging and
discharging. During the constant voltage charging process,
the ohmic polarization voltage of the battery gradually de-
creases, and the ohmic polarization voltage is 0 at the resting
state. The concentration polarization voltage and the total po-
larization voltage of the battery change has a similar trend, and
the ohmic polarization voltage in the discharge stage is greater
than the ohmic polarization voltage in the charging stage.

During the cyclic of the charge/discharge process, there is
hysteresis between the polarization voltage and the terminal
voltage—this is mainly caused by the polarization voltage,
and the responding of the ohmic polarization to the transient

voltage of the battery terminal. In addition, the irregularity of
the terminal voltage variation of the battery is caused by the
concentration polarization voltage. There is a significant dif-
ference in the polarization voltage of the battery during the
charge/discharge stages. The polarization voltage of the bat-
tery in the charging stage is less than the discharge stage.

Influence of the different charge/discharge rate
on the polarization voltage

Figure 8 shows the polarization voltage curves of the lithium-
ion battery at a charge/discharge rate of 0.5 C and 1.5 C,
respectively (at 25 °C). Upon comparing Fig. 8 and Fig. 7, it

Fig. 6 Current and voltage curve T v T v T T T 0.20
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Fig.7 Current and voltage curves 0.15 T T T ™ I —T
from the numerical model . P . i ]
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is obvious that the polarization voltage of the battery is the
largest when the charge/discharge rate of the battery is 1.5 C;
the corresponding ohmic polarization and concentration po-
larization are also the largest, and the polarization voltage of
the battery is small but without obvious differences in the
static state.

Figures 8 and 7 show that a larger charge/discharge current
leads to a larger battery polarization voltage and hence a larger
corresponding ohmic polarization and concentration polarization.
This also shows that when the battery is under high current
charging state, it could have an excessively high polarization
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Fig. 8 Polarization voltage of charge-discharge. a 0.5C; b 1.5 C

@ Springer

t/s

Charge and discharge time 7/ s

voltage. This can cause the lithium-ion battery to reach the charg-
ing cut-off voltage prematurely resulting a virtual potential.

The positive and negative ions would migrate in the electrolyte
considering the charge/discharge process. Inevitably, there is a
certain resistance (ohmic internal resistance) during ion migration.
In order to overcome this internal resistance, extra voltage must be
added to the applied voltage to overcome the resistance and pro-
mote ion migration. This extra voltage is transferred to the envi-
ronment thermally, i.e., ohmic polarization. As the charge and
discharge current increases, ohmic polarization will cause a high
temperature in the lithium-ion battery during charge/discharge
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process. The internal resistance of the battery grows with increas-
ing battery discharge current. Ohm’s low states that the polariza-
tion tendency of the battery increases with a larger discharge cur-
rent and more obvious polarization. This is mainly because of the
large discharge current. The time required for the battery voltage to
reach the discharge cut-off voltage is reduced when the internal
resistance increases; thus, the discharge amount is also decreased.
On the contrary, the appearance of internal high temperature phe-
nomenon during charging and discharging exacerbates the migra-
tion movement of positive and negative ions in the electrolyte.
This increases the internal resistance as the current increases
resulting in an increase in the ohmic internal resistance. This ulti-
mately promotes ohmic polarization leading to vicious circle.

Moreover, the change in the concentration polarization
voltage (the phenomenon where the electrode potential and
the equilibrium electrode potential are not equal) is mainly
caused by the fact that the ion conduction rate at the electrode
is slow, and the ion concentration in the electrolyte body is
different from the ion concentration on the electrode surface.
During the charge/discharge process, the internal high temper-
ature of the battery has a greater influence on the ion concen-
tration in the electrolyte than on the surface of the electrode.
This increases the concentration polarization voltage due to
the internal temperature rise of the battery when the charge/
discharge has more current.

Impact of the different temperatures on polarization
voltage

The polarization voltage curve of the battery at different tem-
peratures are shown in Fig. 9. It clearly shows the polarization
voltage of the 1 C cycle charge/discharge rate of the battery at
ambient temperatures of — 10 °C, 25 °C, and 45 °C, respec-
tively. The curve of battery polarization voltage is consistent

--T=-10°C |
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|
04 F ,: 4

h

> ‘i
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0.8 1 1 1 L 1 1
0 2 4 6 8 10 12x10°
t/s

a

under different ambient temperatures. The polarization volt-
age is larger when the ambient temperature is lower; thus, the
polarization phenomenon is more obvious, which is consistent
with prior work [25]. During the standing phase, the polariza-
tion voltage of the battery drops sharply and finally stabilizes.
The stability value is larger at higher ambient temperature.

Effect of the different cycle number
on the polarization voltage

At a constant temperature of 25 °C, the current of cyclic
charge/discharge is /;, and the corresponding polarization
voltage curve of the battery is shown in Fig. 10. The polari-
zation voltage of the battery changes with cycle times. The
polarization voltage in each charge/discharge phase becomes
larger and larger as the number of cycles increases; the value
of the fallback polarization voltage increases during the sta-
tionary phase. In addition, there is more obvious battery po-
larization with a greater number of cycles. The battery side
reactions during the cycle charge/discharge process are ac-
companied by an increase of the SEI film resistance and a loss
of Li*. Therefore, the ohmic polarization voltage increases
with the number of cycles. As the fallback amplitude of po-
larization voltage increases, the concentration polarization
voltage of the battery also increases with the number of cycles.

HPPC experimental analysis
Experimental procedure

The internal resistance test of the battery was done according
to the HPPC in the Freedom CAR Battery Test Manual. The
HPPC test reports the internal resistance value and the
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Fig. 9 Polarization voltage of power lithium-ion battery at different ambient temperatures. a — 10 °C, 25 °C, and 45 °C; b 25 °C and 45 °C
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Fig. 10 Polarization voltage
curve under different cycle times
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regenerative internal resistance value of different discharge
depths by applying a pulse current. The flow chart of HPPC
is shown in Fig. 11.

The experimental data of HPPC experiments are shown in
Fig. 12. The measured current and voltage data under current
I, are shown in Fig. 12 a and b, respectively, at normal tem-
perature 25 °C with a step discharge/charge state.

The charge/discharge current of the battery changes step-
wise (Fig. 13). During charging, the current steps from 1 to 2,
and the current steps from 4 to 5 when discharging. As the
current changes stepwise, the voltage of the battery also shows
a corresponding step response, and then slowly rises.

2 4 6 8 10 12x10°
Charge and discharge time 7/ s

and discharge for 10 s, the total internal resistance of the bat-
tery can be measured by applying voltammetry, and points 3
and 6 in Fig. 13 are the corresponding time of the battery after
10 s of charge/discharge, respectively. The ohmic internal re-
sistance, polarization internal resistance, and total internal re-
sistance of the battery under charge and discharge conditions
are Ry o, Ry, o R o Ry, a5 Ry, g,and Ry .

Rt,c = Ro7c + RPVC ; Rt,d = Ro,d + Rp7d (34)

The voltage change is the effect of its ohm resistance at the
moment of charge and discharge, then:

Moreover, the voltage step response is caused by the ohmic oo = U2l i Rog= Us—Us (35)
internal resistance, and the slow rise after the step is caused by 1 1
the polarization internal resistance. The ohmic internal resis- By voltammetry, we can get:
tance of the battery is a transient response, but the polarization Us—U, Us—U,
internal resistance is a slow response. After the stable charge ~ Roe = 7 v Hod =77 (36)
Rest 8h at Different current
Full power state different disch 1 Disch
atnormal | ifferen ischarge to Rest 3 h ischarge
ambient capacity reduction cutoff voltage
temperature C
temperatures 0.1C
End of Discharge P .leferent cprrent
N meriment cutoff voltage Rest3 h discharge to increase
capacity by 0.1 C

N )

Fig. 11 Flow chart of HPPC experiment

@ Springer



J Solid State Electrochem (2019) 23:1887-1902 1899
4.5 T T T T T T T 45 T T T T T 20
—— Voltage =
—— Voltage
s 3 5 i | o S =-=== Current
1 H 1 i H
H i oo L /‘
i P i ! — 5
4.0 h\ ! ! i 40 | i i 715
— i i i i
i L ! | i i i i
! i i : i ! -5 i - i
i i \ L - P
> i ) KJI — < > A 4 10<
~ 35K i i i ! i ~ ~35} i ~
e i i i i i ~ D ifr ~
1. - 10 ,
1. .
i i i i i 45
3.0 H i ! i i i 3.0
i i P | - i
i A HINE i
i Li 1 B 4 i L b i ;
| R S § N I | | W | R Y N I | B PN
25 1 1 1 1 1 1 1 25 I 1 L N L
00 05 1.0 15 200 25 30 35 4.0x10* 0 ] 2 g 3 4 5x10*
t/s
a b

Fig. 12 Numerical curve of HPPC experiment. a Discharge; b charge

Relation between the internal resistance
of the battery and the SOC

The measured internal resistance of the tested battery under cur-
rent /; pulse discharge at 25 °C is shown in Fig. 14a, and the
pulsed charging internal resistance is as shown in Fig. 14b. There
is almost no change in the ohm resistance of the battery during
the charge/discharge phases. The polarization internal resistance
of the battery shows a slight rise during discharge when the SOC
value is between 0.3 and 1, there is a slight drop during charging.
When the SOC value is 0 to 0.3, the polarization internal resis-
tance has a step change, and the polarization internal resistance is
the main factor affecting the change in the total internal resis-
tance. The ohmic internal resistance of the battery is greater than

the polarization internal resistance from SOC value of 0.3 to 1.
The internal resistance of the battery changes during the dis-
charge process and the internal resistance changes during the
charging process are equivalent, but there is always a discharge
ohmic internal resistance greater than the charging ohmic internal
resistance; this is consistent with the polarization voltage charac-
teristic analysis result in the “Analysis of polarization voltage
characteristics under cyclic charge and discharge” section.

Relation between the internal resistance
of the battery and the temperature

The battery is charged and discharged with current /; at different
ambient temperatures. The ohmic internal resistance and the
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Fig. 14 Relationship between battery polarization internal resistance and battery charged state. a Discharge at 1 C, 25 °C; b charge at 1 C, 25 °C

polarization internal resistance are shown in Fig. 15a and b,
respectively. The ohmic internal resistance of the battery changes
more obviously at different temperatures. The ohmic internal
resistance of the battery increases at lower temperatures. This
largely determined the material properties of the battery. In addi-
tion, there is also a significant change in the polarization internal
resistance of the battery at different temperatures. When the tem-
perature is — 10 °C, the polarization internal resistance of the
battery is significantly higher than that of 25 °C and 45 °C, but
the difference in polarization internal resistance at 25 °C and
45 °C is quite small. In general, the ohmic internal resistance
and polarization internal resistance of the battery increase at low-
er ambient temperature. This is consistent with the analysis of the
relationship between the ohmic polarization voltage and the con-
centration polarization voltage and temperature in the numerical
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model in the “Impact of the different temperatures on polariza-
tion voltage” section.

Relation between the internal resistance
of the battery and the current rate

The ohmic internal resistance and polarization internal resis-
tance of the battery are shown in Fig. 16 a and b, respectively,
at 25 °C and under different charge/discharge currents. There
is a small difference in the ohmic internal resistance under
different pulse currents. The smaller the charge/discharge cur-
rent of the battery, the smaller the ohmic internal resistance of
the battery. Versus the ohmic internal resistance, there is a
significant difference in the polarization resistance of the pow-
er lithium-ion battery. The larger the pulse discharge current,
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4.0 e i
—v— 25°C
—A— 45°C
35+
3.0
Goast
- v, i
S -\-
0Fr
15+ i
1.0 7
A a— Iy ey 2 " " " v
05 L V\'/ i
1 1 1 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0
SOC

Fig. 15 Relationship between battery internal resistance and ambient temperature. a 1 C, ohmic internal resistance; b 1 C, polarization internal resistance
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Fig. 16 Relationship between battery internal resistance and magnitude of current. a 1 C, 25 °C ohmic internal resistance; b 1 C, 25 °C polarization

internal resistance

the larger the polarization internal resistance of the battery,
which is consistent with the numerical analysis results of ohm-
ic polarization voltage and concentration polarization voltage
in the “Influence of the different charge/discharge rate on the
polarization voltage™ section.

Conclusion

(1) The ohmic polarization voltage of the battery responds
rapidly with changes in the battery’s charge/discharge
state; the response of concentration polarization voltage
is slow and irregular. There is a significant difference in
the polarization voltage of the battery during the charge/
discharge stages. The polarization voltage of the battery
during the charging stage is less than that in the discharge
stage.

(2) A larger charge-discharge rate is seen at a lower ambient
temperature and at higher cycle number. A larger ohmic
polarization voltage and the concentration polarization
voltage of the battery leads to a higher virtual potential
and lower battery capacity.

(3) A larger charge-discharge rate and lower ambient tem-
perature leads to a greater ohmic polarization internal
resistance and concentration polarization internal resis-
tance. The influence of the ambient temperature on the
internal resistance characteristics is more significant than
the charge/discharge rate.

(4) Under different SOC conditions, there is no apparent
difference in the ohmic internal resistance of the battery,
but the difference in polarization internal resistance is
obvious. When the SOC is small, the concentration po-
larization internal resistance of the battery is larger.

The polarization internal resistance of the battery will be
further changed via charge/discharge current, ambient temper-
ature, cycle number, and other factors on the polarization of
the battery. For example, the increase of the charge/discharge
current, ambient temperature, and number of cycles all con-
tribute to the polarization phenomenon of the battery, which
also lead to a high battery internal resistance. Meanwhile, the
effect of ambient temperature on battery polarization is also
considered. This will inevitably cause the temperature rise of
the battery under complicated conditions. The obvious tem-
perature rise is not conducive to the charge/discharge of the
battery, and this even affects the life of the battery. To reason-
ably control the unnecessary temperature rise of the battery
under complicated working conditions (such as electric vehi-
cles), it is critical to arrange reasonable heat management out-
side the battery. Currently, the common thermal management
of lithium batteries has various forms such as air-cooled, wa-
ter-cooled, heat pipe cooling, and thermoelectric cooler. In
future work, thermoelectric coolers will be rationally opti-
mized and arranged with lithium batteries to ensure reasonable
control of temperature rise in the lithium battery under com-
plicated conditions.
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