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Abstract: Considering that use of measured current as input of a battery model may cause distortion
of the model due to low accuracy of the on-board current sensor and that power can be used to
indicate energy transmission in an electric vehicle model, the power input internal resistance model
is widely used in simulation of whole electric vehicles. However, since no consideration is given
to battery polarization and electro-thermal coupling characteristics, the foregoing model cannot
be used to describe the internal temperature change of batteries under working conditions. Three
contributions are made in the present study: (1) ternary lithium-ion batteries were taken as the
research objects and a second-order RC equivalent circuit model with power as the input was
established in the present study; (2) A dynamic heat generation rate model suitable for RC equivalent
circuits was built based on coupled electrical and thermal characteristics of lithium-ion batteries;
(3) An electric model and a two-state equivalent thermal network model were further built and
combined by using the heat generation rate model to form a power input electro-thermal model.
Parameters of the model so formed were identified offline, and the battery model was verified with
respect to accuracy under seven working conditions. The results show that the maximum root
mean square error in voltage estimation, current estimation, and surface temperature estimation is
19.38 mV, 9.51 mA, and 0.19 °C respectively, which indicates that the power input electro-thermal
model can describe the electrical and thermal dynamic behavior of batteries more accurately and
comprehensively than the traditional power input internal resistance model.

Keywords: lithium-ion batteries; electro-thermal model; power input

1. Introduction

Power batteries are the “heart” of electric vehicles (EVs), and their performance and
status are critical to the power, cruising range, and safety of the EVs [1-3]. Among all types
of batteries, lithium-ion batteries (LIBs) have been widely used in EVs and hybrid vehicles
(HEVs) due to their advantages in energy density, life, low self-discharging rate, etc. [4,5].
Battery models are methods used to describe the electrical, thermodynamic, and aging
behaviors of batteries. The accuracy of a battery model may affect the accuracy of state
estimation, fault diagnosis, and balancing strategy in a battery management system (BMS),
and is of great significance to formulation of vehicle control strategies in simulation of
complete EVs.

Electrical models of a battery are used to describe the electrical dynamic behavior
of the battery under the excitation of external circuit loads. According to the modeling
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principle, such electrical models can be divided into electrochemical, data-driven, and
equivalent circuit models. Among these models, the equivalent circuit model is widely used
due to its simpler structure, less calculation, and higher accuracy than the electrochemical
model [6-8] and the data-driven model [9-11]. Up to now, the equivalent circuit model has
developed into many forms, mainly including the internal resistance model, the PNGV
model, the GNL model, and the RC model [12-14]. The RC model can be further divided
into n-order RC models according to the number of RC elements. An RC model of a larger
order will have more circuit elements, higher accuracy, and greater amount of calculation.
In terms of calculation amount and accuracy, the second-order RC model has the best
comprehensive performance.

In actual operation, batteries may have significantly higher internal temperature
than external temperature due to heat exchange restrictions and uneven temperature
distribution. Yet, the inability of current BMSs to obtain the internal temperature change of
batteries may result in modeling and diagnostic errors. In this regard, accurate estimation
of batteries’ real-time temperature distribution is essential for performance, life, and safety
of the batteries and vehicles.

To obtain the temperature distribution of LIBs, different methods have been proposed
in the literature. For example, the numerical calculation method [15,16] was put forward
to generally estimate the temperature distribution of single cells or even entire battery
packs, but it was inapplicable in online estimation due to its high computational cost;
the electrochemical impedance spectroscopy (EIS) measurement-based method was pro-
posed for online estimation of battery internal temperature [17,18], but it was unsuitable
for onboard application due to restrictions of the costly and complex EIS measurement
system; the over-simplified single-state lumped parameter thermal (LPT) model [19] was
intended only for average temperature estimation of batteries, often producing large esti-
mation errors; the two-state LPT model and equivalent electrical network thermal (EENT)
model [20,21] was proposed based on the single-state LPT model to effectively capture the
surface temperature and internal temperature of LIBs as two states.

The above-mentioned models only unilaterally reflected lithium-ion batteries’ elec-
trical or thermal characteristics, without consideration given to the mutual coupling re-
lationship between them. An electro-thermal model was established by combining the
equivalent circuit model and the lumped thermal parameter model [22]. In the electro-
thermal model, current is used as input or a known condition, and this causes distortion of
the model due to low accuracy of actual vehicle current sensors. Besides, as power is used
in complete EV models to indicate energy transmission, that current change occurs due
to varying voltage at the battery end with state of charge (SOC), temperature and other
factors when the required power is determined also makes the electro-thermal model with
current as the input unsuitable for complete EV simulation. Currently, the power input
internal resistance (PIIR) model is widely used in EV simulation systems [23], but this
model does not consider batteries” polarization and electro-thermal coupling character-
istics, and cannot be used to describe the internal temperature change of batteries under
working conditions. Therefore, for EV simulation systems, it is necessary to build a power
input electro-thermal (PIET) model that can accurately and comprehensively describe the
electrical and thermal dynamic behavior of batteries, so as to improve the effectiveness of
vehicle control strategies.

For the purpose of the present study, a power input second-order RC equivalent circuit
(PI2sRCEC) model was first established; then a dynamic heat generation rate model suitable
for RC equivalent circuits was built considering the coupling relationship between the
electrical and thermal characteristics of lithium-ion batteries; afterwards, an electric model
and a two-state equivalent thermal network (2sLPTN) model were combined through the
heat generation rate model to obtain an electro-thermal model with power as the input.
Parameters of the model so formed were identified offline, and accuracy of the model
was verified under multiple working conditions. The results show that the PIET model
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can describe the electrical and thermal dynamic behavior of batteries more accurately and
comprehensively than the traditional PIIR model.

2. Electro-Thermal Model of LIBs

This section introduces a PIET model of LIBs. This electro-thermal model is composed
of an electric model and a thermal model. Parameters of the electrical model depend on
temperature, direction of current and SOC, while parameters of the thermal model are
considered constant. Electrical parameters, such as terminal voltage, current and resistance,
obtained by using the electrical model with required power as input are fed to the thermal
generation rate model to calculate the thermal generation rate. To estimate the surface
temperature and internal temperature of LIBs, the EENT model is adopted.

2.1. Power Input Equivalent Circuit Model of LIBs

In actual operating conditions, energy of a battery is transmitted in the form of power.
Given a required power, changes in temperature and SOC will cause changes in battery
terminal voltage, which in turn leads to changes in current. In the present study, the
input/output power of the battery is assumed to meet the requirement of the external
circuit at all times, and the required power is used instead of current as the input to the
model, as shown in Figure 1.

"
— 1 ¢
R T3+ 1
OCV_"+ Ri1 R2
- K— Vvi— Kk V2
[
il

Figure 1. Schematic of the second-order RC equivalent circuit model using power as the input.

In Figure 1, P represents the input to the model, i.e., the power required by the external
circuit; V represents the terminal voltage; I denotes the current, with the charge direction
defined as the positive direction; OCV represents the open circuit voltage, which is affected
by SOC and temperature; V; and V; represent the polarization voltages; R represents the
ohmic resistance; Ry and R; represent the two polarization internal resistances respectively;
C1 and C; are the polarization capacitors. All the parameters in the model, except for the
input current I, are dependent on SOC and temperature of the battery; the terminal voltage
will change as the foregoing parameters change.

The terminal voltage is expressed as:

V=OCV+IR+Vi+V, 1)
The required power is:
P=VI=(OCV+IR+Vi1+W)I 2)

According to the Kirchhoff’s law, the two polarization voltages can be expressed as:

b Vi I
Vi=-— —
1 R.C, + c 3)
i Vs I
Vo=—""+ — 4
2 R,C, + @) 4

where, Vj is the rate of change in V3, and V; is the rate of change in V5.
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The battery SOC can be calculated by using the Ampere hour integral method
as follows:

SOC(t) = SOC(ty) + tt Ig)dT ®)

where, SOC(t) is the SOC value at time £, SOC(t() is the SOC value at time £y, and Q is the
maximum capacity available.

The above five formulas are continuous equations of the battery model. If the sampling
time is f(s), then the continuous equations can be discretized as follows:

P(k) = I(k) - V(k) = I(k) - (OCV + I(k)R + V; (k) + V3 (k)) 6)

where,

Vi(k) = exp(g &) Vi(k = 1) + Rl (k)[1 — exp(g; 1)]
Va(k) = exp(g&; ) Va(k — 1) + Rol (k) [1 — exp( ¢
V(k) = OCV + I(K)R + Vi (k) + V3 (k)

(ST

N
~—

@)

From Equations (6) and (7), a quadratic equation with one variable can be obtained
as follows:

axP(k)+bxI(k)+c=0 8)
where,
a=R+R[1—- exp(R_Cl)] + Rp[1— exp(ﬁéz)]
b= OCV +exp(g)Vilk — 1) +exp(g;) Va(k — 1) ©)
c=—P(k)

Then the voltage and current at the moment are:

_ =b+ \/ bz 4ac
{vo SR e &
b2—4ac
The parameters to be identified in the electrical model can be expressed in the follow-
ing vector form:

6= [Ry Ry C; C, ROCV Q] (11)

2.2. Thermal Model of LIBs

Establishing an appropriate heat generation rate model for calculating the heat gener-
ation behavior of a battery is crucial to the accuracy of the battery’s thermal model. Since
the thermal model in the present study is a second-order RC equivalent circuit model, a
dynamic heat generation rate model suitable for the RC equivalent circuit is proposed
based on the Bernardi heat generation model [20]:

V2 docv
2
Qre_IR—l—Z——FIT o7 (12)

where, N is the order of the RC equivalent circuit, V; is the polarization voltage of the ith
RC element, and R; is the polarization resistance of the ith RC element.

Following that, an EENT model is established with the proposed heat generation rate
model (as shown in Equation (8)) as input. For simplification, the following assumptions
are made upon modeling: (1) thermo-physical parameters of the LIB are fixed, (2) radiation
and internal convection of the LIB are not considered, (3) heat generation of the LIB is
uniform, and (4) aluminum housing of the LIB has high thermal conductivity and uniform
temperature distribution. The schematic of the thermal model is shown in Figure 2.
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Figure 2. Schematic of a two-state lumped parameter thermal network model.

In Figure 2, C. and C; correspond to the heat capacity of the medium inside the LIB
and of the shell; R; and Ry are the thermal resistance from the inside to the surface of the
LIB and from the LIB surface to the surrounding medium; T,,,;, Ts and T;,, are the ambient
temperature, the LIB surface temperature and the LIB internal temperature. This thermal
model can be mathematically represented by:

CC d<Tm; amb Q?‘ Tin iTS ;
( s amb) _ Ty-Ts Ts— Ty ( 3)
G - R R
If:
Tin = Tamp = Tia
{ Ts — Tomp = Tsa (14)
Formula (13) can be simplified into the following;:
CC dla — Qre Tza lTsn
C deu Tm Tsa & (15)
s =R Ro
Equation (15) can be converted through Laplace transformation into:
CCSTia(S> Qre( ) — 7Tsa() (16)
CssTea(s) = (S) TW( ) TgIHE(() ¢

By rearrangement of Equation (16), the difference between the internal/surface tem-
perature and the ambient temperature can be obtained:

CoRis+ (147 L )
T CCRt (cs+cc

T‘ Q7€
1a )S+ RLO (17)

Qre

TS a

C,
CSCCR52+(C5+CC T )s+&

Parameters to be identified for the proposed thermal model come below:

or = R ro o 02 a8

Figure 3 shows the schematic of a power input electro-thermal model. According to
the schematic, the terminal voltage and current of the battery are simulated based on the
current power requirement, SOC and battery temperature by using the equivalent circuit
model; resistance, current and other electrical parameters are input into the heat generation
model to calculate the heat generation rate of the battery; then the heat generation rate
so obtained is used as input to the EENT model to calculate the internal temperature and
surface temperature of the battery and feed back the average temperature of the battery to
the electrical model for subsequent calculation, in realization of bi-directional coupling of

the electro-thermal model. Through data sharing and iterative computation in between the
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sub-models, electrical dynamic response and temperature distribution of the LIB can be
estimated online.

Ampere-hour
integration
method EENT
7} Ore model
1 socC > >
Y ocv
ViV Heat Tin Ts
1V2 .
P Second-Order f—ono-vo generation
—>»| RC equivalent RiR> rate model
circuit model [ T=(Tin+Ts)/2
T
! <
—>
A

Figure 3. Schematic of the proposed power input electro-thermal model.

3. Experiment and Model Parameter Identification of LIBs

For parameter identification and experimental verification of the models proposed in this
paper, electrical and thermal characteristics of an NCR18650 LIB were tested under different
conditions using a thermostat (HL404C), a battery testing equipment (BTS-5 V 100 A), and a
thermocouple. The measurement accuracy of current, voltage, and temperature are 0.1 mA,
£0.1 mV, and £0.1 °C, respectively. The battery parameters are given in Table 1.

Table 1. Main parameters of the battery.

Model Nominal Capacity Rated Voltage Charge Cut-Off Voltage Discharge Cut-Off Voltage
18650 3350 mAh 3.6V 42V 25V

According to the test scheme and identification method proposed in [24], equivalent
circuit model parameters under different temperatures, SOC values, and current directions
can be obtained through the static capacity test (SCT), hybrid pulse power characteristic
(HPPC) test, and double pulse discharge test. According to the results of SCT test and
double pulse discharge test, the OCV and capacity of the battery under different conditions
can be obtained directly. Other parameters are identified by HPPC test data and the specific
parameter identification method refers to [24]. All parameter identification is based on
Matlab platform [25]. Electrical model parameters identified are shown in Figure 4 below.

4 3200
394 3000 |
3.8 -
=
37 < 2800
2 3.6 E
0 & 2600
O35 .
34 2400 -
334 2200 - ‘ ‘ . ‘ ‘ .
1000 10 20 30 40 0.2 04 0.6 0.8 -10 0 10 20 30 40
T(°C) soc T(°C)
(a) (b)

Figure 4. Cont.
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Figure 4. Parameters identified of the equivalent circuit model: (a) Open circuit voltage OCV; (b) Capacity Q; (c) Charging
ohmic internal resistance R; (d) Discharging ohmic internal resistance Ry; (e) Charging polarization internal resistance
Ry¢; (f) Discharging polarization internal resistance Ry 4; (g) Charge polarization internal resistance Ry; (h) Discharging
polarization internal resistance Ryg; (i) Charge polarization capacitance Cy; (j) Discharging polarization capacitance C14;
(k) Charge polarization capacitor Cy; (1) Discharging polarization capacitor Cpq.

As can be seen from Figure 4, the changes of battery parameters with temperature and
SOC are very obvious. At low temperatures, the internal resistance of the battery increases
obviously, while the variation of capacitance parameters with temperature is roughly
the opposite.

In this study, the approach proposed in [22] is used to identify parameters of the
established thermal model by direct measurement method, including the temperature
entropy coefficients under different SOC (the results are shown in Figure 5); the thermal
resistance and heat capacity under the 1.5 C pulse discharging condition are identified by
means of the least square method, with the identification process shown in Figure 6 and
results given in Table 2. It should be noted that in the present study, the parameters of
thermal model at different SOCs and temperatures are regarded as constant, and the effect
of battery aging is also not considered.

e 2

dOCV/dT (mV/K)
S oS S
S W N = o = N

01 02 03 04 05 06 0.7 0.8 00 1
SOC

Figure 5. Parameter identification results of the temperature entropy coefficient.

Table 2. Identification parameters of the thermal model.

Parameter Ri Ro Cc Cs
Value 1.83 K/W 4.03K/W 67J/K 3.12]J/K
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Figure 6. Schematic diagram of thermal model parameter identification.

4. Accuracy Verification and Result Analysis of the Electro-Thermal Model

This section relates to accuracy verification with respect to simulation of the voltage
and surface temperature with the PIET model, as well as to comparative accuracy analysis
between the PIET model and the PIIR model with the ambient temperature as input, which is
intended to illustrate the necessity of establishing an electro-thermal model. In order to verify
the temperature adaptability of the model, verification experiments were carried out under
seven different ambient temperature conditions, i.e., —15 °C, —5.6 °C, 4.1 °C, 16 °C, 25.5 °C,
34.5 °C, and 44 °C. Please note that all simulations are based on the Matlab platform.

In this study, the battery was loaded with 10 continuous powers under FUDS operating
conditions (battery discharging and charging power under control) to verify the accuracy
of the PIET model. Considering the sharp decline of battery performance under sub-zero
temperature conditions, the power loaded under FUDS operating conditions when the
ambient temperature is sub-zero was reduced to half of that when the ambient temperature
was above zero, as shown in Figure 7. In the figure, negative power stands for discharging,
and positive power for charging. Powers corresponding to the seven operating conditions
are shown in Table 3.

10

4 ,
5 5
0 0
S a
-10
-6
8 4 -15 I L] 1] L1} 1]
.0 2
'g‘L\JLl_rrr——rLLe,ooo 8,000 10,000 12,000 14,000 0 6,000 8000 10,000 12,000 14,000
K -6
& t(s) t(s)
6,000 6,050 6,100 6,150 4800 4,850 4,900 4,950 5,000
(a) (b)
Figure 7. Power load of the battery: (a) When the ambient temperature is below zero; (b) When the ambient temperature is
above zero.
Table 3. Sequence of operating conditions.
Sequence Condition1 Condition2 Condition3 Condition4 Condition5 Condition6 Condition 7
Power P1 P1 PZ P2 P2 P2 P2
Ambient ~15°C —5.6°C 41°C 16 °C 25.5°C 345°C 44°C

temperature
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V(V)

4.1. Model Accuracy Verification under Working Condition 1

The model accuracy verification result under operating condition 1 is shown in
Figure 8. It can be seen from Figure 8 that the simulation results of the PIET model and
the PIIR model are quite different. Since polarization of the LIB is not considered in the
PIIR model, the terminal voltage in the PIIR model is higher during discharging, but lower
during charging than that in the PIET model. Therefore, under the same discharging
power requirement, the current is higher in the PIET model during discharging but lower
during charging than that in the PIIR model. As the battery continues operation, the SOC
of the battery and the terminal voltage under the same discharging power requirement
drop, while the discharging current and the temperature of the battery gradually rises,
indicating that the error gradually increases in the PIIR model relative to the PIET model.
Comparatively, the simulated voltage root mean square error (RMSE) is 19.38 mV in case
of the PIET model and 39.38 mV in case of the PIIR model; the current RMSE is 6.75 mA in
case of the PIET model and 9.79 mA in case of the PIIR model. Besides, in case of the PIET
model, the maximum temperature rise of the battery is 2.41 °C, the maximum temperature
difference between inside and outside of the battery is 0.42 °C, the RMSE of the surface
temperature is 0.14 °C and the measurement error of the sensor is 0.2 °C, indicating that
the model can describe battery temperature changes more accurately.

T
Electro-thermal model

Electro-thermal model

Measured — — — Resistance model

— — — Resistance model

32-
0 2000 4 1

1§ LIS LIS LIS s 1200014000 0 2000 4000 6000 8000 10000 12000 14000
t(s) t(s)

(a) (b)

1

0 4

Measured

Electro-thermal model I S0.1 F

Electro-thermal model
— — — Resistance model

R — Resistance model

-0.15 &

0 2000 4000

6000 " )8000 10000 12000 14000 0 2000 4000 600(t)( ) 8000 10000 12000 14000
S S

(c) (d)

Figure 8. Cont.
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Figure 8. Verification results under Condition 1: (a) Terminal voltage; (b) Terminal voltage error; (c) Current; (d) Current

error; (e) Temperature; (f) Surface temperature error.

4.2. Model Accuracy Verification under Working Condition 2

The model accuracy verification result under operating condition 2 is shown in
Figure 9. In operating condition 2, the ambient temperature of the battery is increased
compared with that in operating condition 1. Under the same discharging power require-
ment, the battery terminal voltage increases due to decrease in the internal resistance of the
battery and thus the absolute value of the discharging current decreases. Due to decrease
in the internal resistance of the battery, the heat generation and temperature rise of the
battery under this condition also decrease. Since the change rate of the battery’s internal
resistance decreases with temperature rise of the battery, both the PIET model and the
PIIR model have improved accuracy of voltage estimation, while the accuracy difference
between the two models is reduced. The simulated voltage RMSE is 18.12 mV in case of the
PIET model and 34.63 mV in case of the PIIR model; the current RMSE is 3.62 A in case of
the PIET model and 8.56 mA in case of the PIIR model. In the PIET model, the maximum
temperature rise of the battery is 1.38 °C, the maximum temperature difference between
inside and outside is 0.23 °C, and the RMSE of the surface temperature is 0.12 °C.

T T T T T T T 0.15
Electro-thermal model | , Electro-thermal model
Measured J z, ! | | |~ — —Resistance model
. 0.1H J T
— — —Resistance model | '
f ! i N |1 i | !
0.05
—~
il 2
> 0
WW il uilu‘x i I
{WW o N A
| | | | | | i -0.1 i i i i i i i
0 2000 4000 6000t( )8000 10000 12000 14000 0 2000 4000 6000t( )8000 10000 12000 14000
S S

(a) (b)

Figure 9. Cont.
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Figure 9. Verification results under Condition 2: (a) Terminal voltage; (b) Terminal voltage error; (c) Current; (d) Current

error; (e) Temperature; (f) Surface temperature error.

4.3. Model Accuracy Verification under Operating Condition 3

The model accuracy verification result under the operating condition 3 is shown in
Figure 10. In operating condition 3, both the current and the range of battery terminal volt-
age change increase due to multiplication of the required power compared with working
condition 2. The significant impact imposed by multiplication of the current on temperature
rise results in a higher temperature rise of the battery and a larger temperature difference
between the inside and outside of the battery, even though the temperature rise causes
a decrease in the internal resistance of the battery to some extent. The simulated voltage
RMSE is 17.43 mV in case of the PIET model and 18.61 mV in case of the PIIR model; the
current RMSE is 9.51 A in case of the PIET model and 10.61 mA in case of the PIIR model.
In the PIET model, the RMSE of the surface temperature is 0.18 °C.
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Figure 10. Verification results under Condition 3: (a) Terminal voltage; (b) Terminal voltage error; (c) Current; (d) Current
error; (e) Temperature; (f) Surface temperature error.

In operating conditions 4-7, the ambient temperature gradually rises with the loaded
power remaining unchanged. No further illustration will be provided for these conditions
in this article. For detailed data, refer to Table 4.

Table 4. Comparative analysis of model accuracy.

Condition RMSE; RMSE, ARMSE; RMSE; RMSE,4 ARMSE, RMSE;5

Sequence (mV) (mV) (mV) (mA) (mA) (mA) O
Condition 1 19.38 39.38 20.0 6.75 9.79 3.04 0.14
Condition 2 18.12 34.63 16.51 3.62 8.56 494 0.12
Condition 3 17.43 18.61 1.18 9.51 10.61 1.1 0.18
Condition 4 13.72 16.37 2.65 6.60 6.10 —0.5 0.19
Condition 5 13.64 19.26 5.62 452 7.93 341 0.16
Condition 6 7.59 10.68 3.09 3.62 4.44 1.18 0.12
Condition 7 8.15 8.92 0.77 4.46 3.48 —0.98 0.14

Note: RMSE;: the root mean square error in voltage estimation with the PIET model; RMSE;: the root mean square error in voltage
estimation with the PIIR model; ARMSE;: the difference of the root mean square error in voltage estimation between the two models;
RMSEj3: the root mean square error in current estimation with the PIET model; RMSEy: the root mean square error in current estimation
with the PIIR model; ARMSE;: the difference of the root mean square error in current estimation between the two models; RMSEs5: the root
mean square error in surface temperature estimation with the PIET model.

4.4. Result Analysis

The main simulation parameter errors of the PIET model and the PIIR model are
shown in Table 4. The following rules can be obtained according to analysis of the accuracy
verification results under operating conditions in the table:
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1.  With increase of the ambient temperature, the PIET model and the PIIR model will
have gradually improved accuracy due to the decrease in internal resistance and
accurate parameter identification;

2. When the temperature goes down below zero, the performance parameters of the
battery increase sharply at the same temperature gradient, and the time constant
reflecting the battery polarization decreases sharply. Therefore, the polarization
voltage described by the two RC originals increases sharply. In addition, temperature
rise of the battery per se in low temperature conditions has a greater impact on
electrical performance than normal temperature. Therefore, the voltage and current
estimation accuracy of the PIET model is significantly higher than that of the PIIR
model under conditions 1 and 2.

According to the model accuracy verification results and regular analysis above,
it is known that the PIET model can accurately describe the dynamic response of the
battery under specific power load conditions. In addition, the PIET model has significantly
improved accuracy relative to the PIIR model under the same parameter identification
accuracy conditions and in the same low temperature and high power load conditions.

5. Conclusions

In this paper, a PIET model is proposed. The model can accurately reflect the electrical
dynamic response of the battery and capture changes in the surface and internal tempera-
ture of a battery for EV simulation systems. First, the PI2sSRCEC model is established, and
a dynamic heat generation rate model suitable for RC equivalent circuits is built. Then the
electric model is combined with the 2sLPTN model through the heat generation rate model
to obtain the PIET model.

Following parameter identification of the electrical and thermal model, the battery
model was verified regarding accuracy under seven operating conditions. According to
the model accuracy verification results and regular analysis, it is known that the maximum
root mean square error in voltage estimation, current estimation, and surface temperature
estimation is 19.38 mV, 9.51 mA, and 0.19 °C respectively, and the PIET model can accurately
describe the dynamic response of the battery under specific power load conditions. In
addition, the PIET model has significantly improved accuracy than the PIIR model under
the operating conditions of low temperature and high power load.

Since the model is only verified at the ambient temperature of —15 °C to 44 °C, the
accuracy cannot be guaranteed if outside this temperature range. Besides, the accuracy
cannot be guaranteed for aging batteries since the model parameters will be changed.
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