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Abstract: In this paper, a mathematical simulation model of an electric vehicle traction battery has
been developed, in which the battery was studied during the dynamic modes of its charge and
discharge for heavy electric vehicles in various driving conditions—the conditions of the urban cycle
and movement outside the city. The state of a lithium-ion battery is modeled based on operational
factors, including changes in battery temperature. The simulation results will be useful for the imple-
mentation of real-time systems that take into account the processes of changing the characteristics of
traction batteries. The developed mathematical model can be used in battery management systems to
monitor the state of charge and battery degradation using the assessment of the state of charge (SOC)
and the state of health (SOH). This is especially important when designing and operating a smart
battery management system (BMS) in virtually any application of lithium-ion batteries, providing
information on how long the device will run before it needs to be charged (SOC value) and when
the battery should be replaced due to loss of battery capacity (SOH value). Based on the battery
equivalent circuit and the system of equations, a simulation model was created to calculate the
electrical and thermal characteristics. The equivalent circuit includes active and reactive elements,
each of which imitates the physicochemical parameter of the battery under study or the structural
element of the electrochemical battery. The input signals of the mathematical model are the current
and ambient temperatures obtained during the tests of the electric vehicle, and the output signals are
voltage, electrolyte temperature and degree of charge. The resulting equations make it possible to
assign values of internal resistance to a certain temperature value and a certain value of the degree of
charge. As a result of simulation modeling, the dependence of battery heating at various ambient
temperatures was determined.

Keywords: mathematical model; simulation model; lithium-ion battery; electric car

MSC: 65C20

1. Introduction

In recent years, electric energy storage systems have been considered a key element
in the technological development of vehicles and renewable energy. Currently, lithium-
ion batteries are the de facto standard in the field of power supplies for electric vehicles,
uninterruptible power systems, mobile devices and gadgets [1]. Another example of the use
of lithium-ion batteries is storage for renewable energy sources (mainly solar panels and
wind turbines). For example, in 2011, China installed a storage device based on lithium-ion
batteries with a total capacity of 36 MWh, capable of supplying 6 MW of electrical power to
the grid for 6 h [2]. An example from the opposite end of the scale is lithium-ion batteries
for implantable pacemakers, the load current of which is on the order of 10 pA [3]. The
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capacity of a single commercially produced lithium-ion cell has long crossed the mark
of 500 Ah [4].

The use of lithium-ion batteries requires compliance with the parameters of the dis-
charge and charge of the battery; otherwise, irreversible degradation of capacity, failure
and even fire due to self-heating may occur. Therefore, lithium-ion batteries are always
used together with a monitoring and control system—SKU or BMS (battery management
system) [5]. The battery management system performs protective functions by monitoring
temperature, charge/discharge current and voltage, thus preventing over-discharging,
overcharging and overheating. The BMS also monitors the state of the battery by evaluating
the degree of charge (state of charge, SOC) and the state of fitness (state of health, SOH).
An intelligent battery management system (BMS) is essential in virtually any application of
lithium-ion batteries.

A battery is a complex physical-chemical, electrochemical and electrical object, the
simulation of which can be carried out at different depth levels and by different meth-
ods. Its application on heavy-duty electric vehicles is poorly understood. In modeling
batteries, two areas should be distinguished: representation of current parameters during
the charge/discharge cycle and simulation of the parameters of the functional state of
the battery for a long time of operation. The latest versions of MatLab-Simulink have a
built-in model with degradation of accumulator parameters, but it is rather complicated.
In particular, when simulating the operation of more than one battery, the duration of the
count increases significantly [6]. The issues of battery life and battery degradation come
to the fore both for developers of battery management systems and for researchers who
operate electric vehicles every day. In Appendix A, we provide a description of the block
diagram of our mathematical model in Matlab, as well as the initial data that we used in
the model.

2. System-Level Description of the Electric Vehicle Battery

From a schematic point of view, the battery appears to be a two-terminal battery. In
this paper, we will use its description in the form of a black box, as a system with one
input (current in the circuit I(t)) and voltage at the battery terminals U(t). Open-circuit
voltage Upcy (t) (OCV) is voltage at the battery terminals Ur in the absence of current
selection I = 0. The most important parameter is the battery capacity. Qmax is defined
as the maximum amount of electrical energy (in Ah) that the battery delivers to the load
from the moment of full charge to the state of discharge, without leading to premature
degradation of the battery. As mentioned earlier, the main function of an intelligent BMS is
the estimation of SOC and SOH.

Battery state of charge (SOC) is an indicator characterizing the degree of battery
charge: 100%—full charge, 0%—full discharge. Equivalent depth of discharge (DoD) is
DOD = 100% — SOC. Usually, SOC is measured as a percentage, but in this paper we will

t
assume that SOC € [0, 1]. Formally, SOC is expressed as SOC = &, where Q = [ I(t) -dt
0

is the current charge in the battery [7]. Thus, the current strength I is the current strength
in the conductor, equal to the ratio of the charge Q that passed through the cross-section of
the conductor to the time interval ¢ during which the current I = 7 flowed.

The battery state of health (SOH) is a qualitative indicator that characterizes the
current degree of battery capacity degradation. The result of the SOH rating is not a
numerical value but the answer to the question: “Does the battery need to be replaced
now?” Currently, there is no standard that regulates which battery parameters should be
used to calculate SOH. Different BMS manufacturers use different indicators for this—for
example, comparing the original and actual battery capacity or internal resistance [8].

2.1. Types of Models for Determining the State of Charge of a Battery

Determination of the SOC is the task of observing the latent states of the system from
a given process model and a measured output response from the input. Models intended
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for use in battery management systems to determine SOC can be classified into two large
groups [9]: empirical models that replicate battery behavior from a “black box” position
and physical models that simulate the internal electrochemical processes in the battery.

2.2. Empirical Battery Models

The class of empirical models includes a number of different approaches; common
features are a significant simplified modeling of physical processes in a battery. Empirical
models are the standard for implementing BMS since, on the one hand, they have sufficient
simplicity for implementation, and, on the other hand, they have acceptable accuracy for
estimating SOC [10]. A quantitative comparison of 28 different empirical models is given
in [11]. The main type of empirical model is substitution schemes. The initial prerequisite
for empirical modeling is the observation that the dynamics of the battery can be divided
into two parts [12]:

— Slow dynamics associated with the charge and discharge of the battery;
— Fast dynamics associated with the internal impedance of the battery—the active
resistance of the electrolyte and electrodes—and also with electrochemical capacities.

The units in a typical time scale are tens of hours for slow dynamics (from full charge to
discharge) and tens of minutes for fast dynamics (dispersion of charge carriers in parasitic
capacitances and transition of the battery to a steady state). The processes of aging and
degradation of the capacitance are modeled as nonstationarity of the system parameters.

In this paper, we will focus on building a battery model under dynamic charge
and discharge conditions for electric vehicles in urban traffic and then modeling its state
depending on operational factors, including changes in battery temperature. The simulation
results will be suitable for real-time implementation in battery management systems to
monitor the state of the battery using the assessment of the degree of charge (state of charge,
SOC) and the state of fitness (state of health, SOH), which is especially important when
designing and operating an intelligent BMS in virtually any application of lithium-ion
batteries, providing information on how long the device will run before needing to be
recharged (SOC value) and when the battery should be replaced due to loss of capacity
(SOH value).

3. Obtaining the Initial Data for the Mathematical Model

In the course of experimental studies, to determine the depth of discharge of the
battery, six races were made along predetermined routes. Each race assumed different road
conditions and traffic intensity as well as vehicle loading.

The route includes both urban and suburban traffic modes. The maximum speed
is 65 km/h; the electric car makes three stops for loading and unloading. During the
experiment, 2 rides without load (10,000 kg) and 2 rides with partial load (16,000 kg) were
carried out.

Measurements of electrical characteristics were carried out using CAN technology. At
the same time, the following indicators were measured and recorded:

— The degree of charge of the battery;

— Torques of asynchronous electric motors;

— Battery voltage;

—  Frequency of rotation of electric motors;

— Temperature of electric motors and inverters.

The electric car has on board equipment that fixes the following specifications:

—  Ipy—battery current;

—  Py—Dbattery power;

—  Up,—Dbattery voltage;

— Efficiency is the efficiency of the system;
— Wiy is the energy given off by the battery;
— SOC is the degree of charge.
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Characteristics are obtained using CAN bus communication technology and are
recorded throughout the entire cycle.

The experiment was based on two routes that differ in traffic intensity and the amount
of cycling of the lithium-ion battery.

On the first route, the electric car at the same time moved partially loaded, and the
mass was 16,000 kg. Figure 1 shows a graph of the speed of an electric vehicle along route 1.

V, km/h
60
50 A v H A M
40 \ r\vr\\ W m - ﬁ ,
30 q1- Y ‘ [
20 *
10 ¢ 1L
0 W A
200 400 600 800 1000 1200 1400
t's
y
Figure 1. Dependence of speed on time on the first route.
Figure 2 shows the characteristics of the traction electric drive system of an electric
vehicle when driving along the first route.
The average battery current in the cycle was 140 A (0.7 C). The degree of charge
decreased from 85 to 72 percent.
On the second route, the electric car moved partially loaded, and the mass was
16,000 kg. Figure 3 shows a graph of the speed of the electric vehicle along the second route.
Figure 4 shows the characteristics of the electric vehicle traction drive system. The
average battery current in the cycle was 120 A (0.6 C). The degree of charge decreased from
72 to 54 percent. Table 1 shows the cycle parameters and energy characteristics. Unlike the
abstract driving cycles often used in EV motion and performance simulations, these routes
were derived from actual EV motion. This allows one to compare the real characteristics of
the movement of the electric vehicles.
Table 1. Control cycle parameters and test results electric vehicle.
. Energy
Route Distance, km  Average Speed, km/h Energy in the Cycle, Recovery Energy, Consumption,
kW kWh
kW-h/km
First route 12.95 34.85 13.9 3.11 1.11
Second route 16.1 27.66 22.44 2.94 1.38
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Figure 2. Energy characteristics of the electric vehicle of the first route: (a) I, is the battery current;
(b) Uy, is the battery voltage; (c) SOC is the degree of charge; (d) Py, is the battery power; (e) Wy, is
the energy given off by the battery; (f) efficiency is the efficiency of the system.
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Figure 3. The graph of the change in the speed of an electric vehicle depending on the time along the
second route.
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Figure 4. Energy characteristics of the electric vehicle of the second route: (a) I is the battery current;
(b) Uy, is the battery voltage; (c) SOC is the degree of charge; (d) Py, is the battery power; (e) Wy, is
the energy given off by the battery; (f) efficiency is the efficiency of the system.

As a result of the tests, it was determined that the electric vehicle is capable of moving
along the two routes under consideration with a fully charged battery, with a partial load.
The depth of discharge was 20%.

4. Simulation of the Processes Occurring in the Battery during the Charge/
Discharge Modes

For mathematical modeling of the processes of charge, discharge and charge transfer
in the battery, a model of a separate battery was used, which reflects the following processes
of energy conversion in the battery:

1. Processes of charge and discharge;
2. Processes of charge transfer between batteries in the battery;
3. Charge, discharge and charge transfer control processes.

When constructing equations relating the parameters of the mathematical model, the
authors proposed an equivalent electrical circuit (Figure 5), which connects active and
reactive elements, each of which imitates the physicochemical parameters of the battery
under study or a structural element of an electrochemical battery [13].

The circuit is a series connection of an EMF source E,, and four active resistances
R1, Rz, Ry, Rg. To take into account the inertia of the discharge/charge process parallel
to the resistor R; included the electrical capacitance R; required to simulate transient
processes when the load is turned on and off.

The characteristics of the battery for the purposes of this study are according to the
manufacturer’s specification. The main characteristics of a single battery are:

1.  The chemical composition of the cathode material of the NMC battery (lithium-nickel-
manganese-cobalt-oxide battery (LiNixMnyCo,0,, NMC)—an alloy of nickel oxide,
manganese, cobalt, and lithium;

Cell nominal voltage—3.8 V;

3.  Lower voltage level 2.4 V;

N
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4. The upper limit (depending on the charging or discharging process) of the battery
open-circuit voltage is 4.2 V, at a temperature of 25 °C [14].

C

1

o -

Figure 5. Equivalent electrical circuit of the model of the electrochemical cell of the battery.

Below is the system of Equation (1) for the equivalent circuit of the battery shown in
Figure 5. The mathematical model in this case is used to simulate the parameters of the
battery, including the main branch, parasitic branch, capacity and electrolyte temperature:

Ewn = Epo — KE(273 + 9) . (1 — SOC)
R1 = —Rlo ln(DOC)

T
<= Ry (Ay1-(1-50C))
Ry = Ryo&——
(A )
14 I
Von
(”@”%Ap(lm)
00 of

t
Qe(t) = Qe_init + Of —Im(T)dI’

C(L0) = — KCurKi
(L,6) 1H(Ke—1) (&)’
SOC=1- %
_ Qe
DOC =1~ 52y

m

lowg = (tys+1)

t ps_9*9a
9(t> = ee_init + f ( CGRQ )dT
0

VZ
Py = gL+ PRo + IR,
Ro = Roo[1 + Ap(1 — SOC)]

M

The equivalent circuit depends on the battery current and nonlinear circuit elements.
The above system of battery equations describes the components within the battery cell
block. The system does not model the internal chemical processes of lithium-ion batteries
directly—the equivalent circuit empirically approximately describes the processes occurring

inside [15,16].

The equivalent circuit consists of two main parts: the main branch (elements R1Cy, Ro),
which approximately describes the dynamics of the battery under most conditions, and the
parasitic branch R, which describes the behavior of the battery at the end of the charge.

The following is a detailed description of each of the circuit branches.
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For the main branch, Equation (2) describes the internal electromotive force (EMF) or
no-load voltage E;;, of one battery pack [17]. It is assumed that the value E;, will be constant
when the battery is fully charged. Voltage E;;, depends on temperature and battery state of
charge (SOC) and is defined as follows:

Em = Emo — Kg(27346) - (1 — SOC) 2)

where E, is the no-load voltage at full charge, V; K is the temperature coefficient, V/°C;
8 is the electrolyte temperature, °C; SOC is the state of charge of the battery, p.u.

R1 = _RlO h’l(DOC) (3)

Equation (3) describes the change in resistance with charge depth. The resistance
increases exponentially as the battery starts to exhaust itself during discharge [18].
The main resistance of the main branch is R;, where Ry is constant, Ohm and DOC is
the battery charge depth, r.u.
Equation (4) describes the transient process if the battery current has changed.
Capacity of the main branch C;:
4!
Ci=— 4
1= R 4)
where 77 = time constant of the main branch, s.
Resistance R; is determined by the formula

e(A21-(1-500C))

Ry = Ry )

1+ (A2

where Ry is resistance under normal conditions, Ohm; Ay, Ay, are constants, r.u.; I is
the current of the main branch, A; I* is the current rated current of the battery, A.
The resistance across the terminals of one battery cell can be expressed as

Ry = Roo[1 + Ag(1 — SOC)] (6)

where Ry is resistance Ry with a completely infected battery (SOC = 1); A is a constant
determined by the accumulator parameters [19].

It is assumed that the resistance is constant at different temperatures and depends on
the degree of charge [20].

The parasitic branch in the battery equivalent circuit consists of three components:
a diode, resistance Ry, of the parasitic branch, and a constant voltage source [21]. If the
voltage across the diode exceeds the forward voltage Vpn, then the diode behaves as a
linear resistor with a low resistance R,. If the voltage across the diode is less than the
forward voltage, then the diode behaves as a linear resistor with a low turn-off G,. A
constant voltage source maintains a constant voltage Vpy at its output terminals regardless
of the current flowing through the source. The output voltage is determined by the battery
constant voltage parameter and can be any real value [22].

The value of the discharge current in the parasitic branch I, is expressed by the dependence

Vpn
(tps+1) 9
( o tAe; ))
I, = VpuGpoe @)

where V), is voltage on the parasitic branch, V; Gpo is a constant determined by the
accumulator parameters, s; Ty, is the time constant of the parasitic branch, s; Vy is constant,
V; Ay is constant, r.u.; 6 is the electrolyte temperature, °C; Gf is the freezing temperature of
the electrolyte, °C.
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Equation (7) describes parasitic current losses that occur during battery charging [22].
The current depends on the temperature of the electrolyte and the voltage of the parasitic
branch. The current Ip is small under most conditions, with the exception of charging at
high SOC [23]. It should be noted that the constant Gy, as a rule, takes values greater than
1s; the value of Gy is very small, on the order of 1012 s.

Equation (5) tracks the amount of charge drawn from the battery. It is determined by
integrating the current flowing in the main branch in both directions, i.e., during battery
charging and discharging [24]. Battery level Q,

t

Qelt) = Quinit = [ In(t)at ®)

0

where Q._init is the initial value of the charge, A s; I;;; is the current in the main branch, A; ¢
is the integration time variable, s.

Equation (9) describes the state of the battery capacity C based on the values of the
discharge current and electrolyte temperature [25]:

K.CoKi
1+ (Kc—l)(,i*)(s

where Kc is a constant; Cy- is battery capacity without load at 0 °C, A s; K; is the temperature
coefficient; 0 is the electrolyte temperature in °C; I is the discharge current in amperes; I* is
the current rated current of the battery, A; § is a constant determined by the accumulator
parameters, r.u.

However, the dependence of capacitance on current is determined only during the
discharge. During charging, the discharge current is set to zero in Equation (5) to calculate
the total capacity [26].

Equations (10) and (11) describe the state of charge of the SOC and the depth of
charge of the DOC of the battery. SOC determines the amount of remaining battery charge,
and DOC determines the useful fraction of the remaining charge, taking into account the
average discharge current. Large discharge currents cause a premature decrease in battery
charge; thus, the DOC parameter is always less than or equal to the SOC parameter [27]:

C(1,0) =

©)

1 Qe
SOC =1 0.0) (10)
R O
DOC =1 Clhog 0 (11)

where Q, is the battery charge, A s; C is the battery capacity, A s; 6 is the electrolyte
temperature, °C; Ipyq is the current average discharge current, A.
The current average discharge current I is determined by the formula

I

(s + 1) (12)

Iavg =
where Ipyg is the current average discharge current, A; I, is the current of the main branch,
A; T is the time constant of the main branch, s.

The change in temperature of the electrolyte in the battery 6 is due to resistive losses
P, taking into account the ambient temperature 8,.
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The thermal model consists of a first-order differential equation, with parameters for
thermal resistance and capacitance:

t 60—06,

(P — e

0(t) = Oe_init +/ (ng)dT (13)
0

where 6, is the ambient air temperature, °C; 6;,;; is the initial temperature of the battery
(assumed to be equal to the ambient air temperature), °C; Cq is the thermal capacity, J/°C;
7T is the integration time variable, s; Ry is the thermal resistance, °C/W; t is the simulation
time, s; Ps is the power loss at active resistances R from Ry and R,, W.

Vi
Py = —L 4 IRy + IR, (14)
Ry
The power loss Ps is the heat loss power with which the battery heating can be
calculated. On the basis of the described mathematical equations, a mathematical model
will be further formed, which allows taking into account the processes occurring in the
battery and taking into account the current profile [28].
The simulation and solution were obtained using the Matlab program (Appendix A).
In the section Appendix A.1, we provide a description of the block diagram of the math-
ematical model in Matlab, the data that we used in the model, the basic equations of the
blocks and the implementation of the thermal model in the Matlab program.
In the section Appendix A.2, we provide a logic diagram for switching motion cycles,
as well as a charge cycle.

5. Discussion

One of the main criteria for optimizing battery life is temperature. As mentioned
earlier, battery operation at low temperatures leads to a sharp decrease in the number of
cycles. At positive temperatures, the recommended operating range is 10-35 °C. During
the operating mode, the walls of the battery are heated. To determine the temperature after
the operation cycle, it is necessary to carry out mathematical modeling. The current profile
during a driving cycle on route 1 is reduced to one battery by dividing the total current by
the number of cells connected in parallel (Figure 6).
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45
30
15

0

-10
0

Voltage, V

43
4.1
3.9
3.7
35

|

1]

Sp—
—

600

1200 1800 2400 3000

0 600

1200 1800 2400 3000 3600 ts

Figure 6. Cont.
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Figure 6. Time waveforms of the main characteristics of the battery in cycles at an ambient tempera-
ture of 15 °C: (a) battery discharge/charge current; (b) voltage of battery; (c) battery charge degree;
(d) battery temperature.

The results of modeling the main characteristics of the battery at an ambient tempera-
ture of 15 °C are shown in Figure 6.

The maximum heating of the battery was 25 °C after a driving cycle on routes 1 and 2.
The difference between the initial temperature and the temperature at the end of the cycle
was 50 °C. The degree of charge decreased from 100% to 60%. The battery voltage dropped
to 3.6 V.

Similar studies were carried out for 25 and 35 degrees, respectively, as the most typical
operating temperatures for traction batteries. The results are shown in Figures 7 and 8.

As can be seen from the graph, the heating for the cycle was 29.2 °C, and the difference
between the initial temperature and the temperature at the end of the cycle was 4.2 °C. This
is due to the decrease in internal resistance as the temperature of the battery rises. Another
calculation was made at an ambient temperature of 35 °C. This temperature range is critical
for the battery; the resource under such conditions is significantly reduced. At an initial
temperature of 40 °C, the heating per cycle was 39 °C, and the difference between the initial
temperature of the cell and the temperature at the end of the cycle was 4 °C (Figure 9).
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Figure 7. Cont.
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Figure 7. Graphs of the main characteristics of the battery in cycles at an ambient temperature
of 25 °C: (a) battery discharge/charge current; (b) voltage of battery; (c) battery charge degree;
(d) battery temperature.
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Figure 8. Graphs of the main characteristics of the battery in cycles at an ambient temperature
of 35 °C: (a) battery discharge/charge current; (b) voltage of battery; (c) battery charge degree;
(d) battery temperature.



Mathematics 2023, 11, 536

13 0of 19

At, °C
10
8
6 +
4
— 15 CC
c—
25.°C
2
—352C
0 A B 2 S e e st 2 e S S B 2 I S 2 B AN 2 2 B, A A Bt B B e |
R R~ — S — S — S — S — S — S — S — S — S — S — S — S — S — S —
- -E-E-E-E-E-E-E-EEE-E-EERY
A F & ® &S 8 F © ® &2 g F & ® S Q %
- e e e NN NN NN

Figure 9. Battery heating at different ambient temperatures.

The results obtained show the heating of the battery in the absence of air conditioning
in the cooling system. Figure 9 shows the temperature difference achieved by the battery
when alternating routes 1 and 2.

6. Conclusions

Based on the battery equivalent circuit and the system of equations, a simulation
model was created to calculate the electrical and thermal characteristics. The equivalent
circuit includes active and reactive elements, each of which imitates the physicochemical
parameter of the battery under study or the structural element of the electrochemical battery.

The input signals of the mathematical model are the current and ambient temperatures
obtained during the tests of the electric vehicle, and the output signals are the voltage,
electrolyte temperature and degree of charge. The resulting equations make it possible to
assign values of internal resistance to a certain temperature value and a certain value of the
degree of charge.

As a result of simulation modeling, the heating of the battery was determined at
various values of the ambient temperature. It was found that at an ambient temperature of
20 °C, the heating at the end of the cycle was 25 °C; at 30 °C, the same parameter took on a
value of 4.2 °C; and at 35 °C was 4 °C.

The absence of a forced cooling system in the model makes it possible to determine
the degree of heating not only of the outer walls of the accumulator, but also inside the cell.
When the charge/discharge cycle is continuous, the temperature of the element does not
fall to its original state but, on the contrary, continues to increase. When determining battery
life, a temperature range of more than 45 °C is not calculated, as battery life is significantly
reduced. As a result of simulation modeling, a tool was obtained for calculating battery
heating under various environmental conditions. During operation, the maximum heating
will not exceed 50 °C, which allows us to conclude that the range recommended for battery
operation will be provided.

The simulation results will be useful to researchers and developers of autonomous
power sources for electric vehicles and other devices for the implementation of real-time
systems that take into account the processes of changing the characteristics of traction
batteries. The developed mathematical model can be used in battery management systems
to monitor the state of charge and battery degradation using the assessment of the state of
charge (SOC) and the state of health (SOH). This is especially important when designing and
operating a smart battery management system (BMS) in virtually any lithium-ion battery
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application, providing information about how long the device will run before it needs to be
charged (SOC value) and when the battery should be replaced due to loss of battery capacity
(SOH value). Based on the equivalent circuit of the battery and the system of equations, a
simulation model was created to calculate the electrical and thermal characteristics.
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Appendix A Modeling Blocks and Data Used in the Matlab Program
Appendix A.1 Block Diagram of the Mathematical Model of the Battery

In this section, we provide a description of the block diagram of the mathematical
model in Matlab, the data that we used in the model, the basic equations of the blocks, and
the implementation of the thermal model in the Matlab program.

The mathematical model of processes in the battery was developed in Matlab
(Figure Al). The capacitance model calculates the state of charge (SOC) and depth of
charge of the battery, the voltage model calculates the resistance as a function of the
state of charge and the depth of charge, and the thermal model calculates the internal
temperature [29].

The input signals of the mathematical model are current and ambient temperature,
and the output signals are voltage, electrolyte temperature and degree of charge [30].
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Figure A1. Block diagram of the mathematical model in Matlab.

The description of the blocks of the mathematical model of the battery is presented below.
Em_Table—EMEF source, its input and output parameters:

inputs

T ={293.15,/K’} % T:right
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end

outputs

C ={31,’A*hr’} %C:left

SOC = {1,1"} %SOC:left

end

Basic Block Equations:

equations

% Charge deficit calculation, preventing SOC > 1

If Qe <0 && i >0 Qe.der ==0;

else Qe.der == -j;

end

% Perform the capacity table lookup C == tablelookup(Temp_Table,C_Table,T,...
interpolation = linear,extrapolation = nearest)

% SOC Equation SOC == 1-Qe/C;

% Electrical equation by table lookup v == tablelookup(SOC_Table, Temp_Table,Em_Table,SOC,
interpolation = linear,extrapolation = nearest)

end

Block C1—equivalent capacitance of the RC circuit, input and output parameters:
inputs

T ={293.15,K’}; %T:left SOC = {1,'1"}; %SOC:left

end

parameters (Size = variable) C_Table = {ones(5,3), F’}
% Matrix of capacitance values, C(SOC,T) SOC_Table = {[0;0.1;0.5;0.9;1],"1 “} % State

of charge (SOC) breakpoints Temp_Table = {[273.15 293.15 313.15],'’K’} % Temperature
(T) breakpoints

end

Block equations:

equations let

% Perform the table lookup C =

tablelookup(SOC_Table, Temp_Table,C_Table,SOC,T,...
interpolation = linear,extrapolation = nearest)

in

% Electrical equation i == C * v.der; end end

Block R1—equivalent resistance of the RC circuit, input and output parameters:
inputs

T = {293.15,K"}; %T:left SOC = {1,'1"}; %SOC:left

end

outputs pow = {0,/W’}; %POW:right

end

Block Equations:

let

% Perform the table lookup

R = tablelookup(SOC_Table,Temp_Table,R_Table,SOC,T, ...
interpolation = linear,extrapolation = nearest)

in

% Electrical Equations

v ==i*R; pow == v*j;

end

end

Block RO is equivalent internal resistance; input and output parameters are similar to

block R1.

The resulting equations allow for assigning internal resistance values to a certain

temperature value and a certain value of the degree of charge (Table A1).
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Table Al. Parameters of a typical lithium-ion battery based on NMC technology.

Cell Temperature 0°C 30°C 45°C State of Charge
Available battery capacity 18.008 17.625 17.639 (82), %
2.52 2.73 2.54 0
2.63 2.82 2.45 10
Battery voltage at 287 3.12 3.01 25
different states of charge ’ i -
3.39 3.51 3.54 50
3.71 3.9 3.91 75
4 4 4 90
4.1 4.2 4.31 100

Figure A2 shows a graph of the open-circuit voltage versus the battery state of charge.

uv

3.5}

257}

29 0.2 0.4 06 0.8 1
State of charge,
relative units

Figure A2. Battery open-circuit voltage (OCV).

In order to apply the TAB current obtained during the operation of the electric vehicle
to the input, it is necessary to form data tables in which the values of the currents in the
cycle will be indicated, depending on the time. In addition, a full cycle of movement along
the route provides for one stop after passing the halfway point.

The thermal model block represents a thermal model that contains a heat source, a
temperature sensor and a battery mass; see Figure A3.

AL N

2 ! !
H Battery | ﬂ‘l T
Thermal .\ ldeal Heat Flow
Mass L to  Source
Al
P_in !

Figure A3. Thermal model in the MATLAB program.

The description of the blocks is given for the thermal model below:



Mathematics 2023, 11, 536 17 of 19
inputs
S=1{0, K" }; %S:bottom
end nodes
A = foundation.thermal.thermal; %A:bottom B = foundation.thermal.thermal; %B:top
end

variables (Access = private) Q={0,‘]/s'}; T={0, K" };

end branches

Q:BQ->AQ;

end equations

T == BT-AT;

T==5;

end

end

The thermal model allows for calculating the heating of the battery, the air intake for
cooling of which is carried out directly from the environment. The ambient temperature
corresponds to the temperature of the interaction of the battery walls with the air of the
cooling system. When using an air conditioner in the cooling system, the temperature
of the blown air will correspond to the temperature of the conditioned air. In this case,
the airflow rate must be selected in accordance with the power and operating mode of
the compressor. In this work, the flow rate was not taken into account; this allows one
to more accurately determine the temperature inside the cell, because there is no forced
heat extraction. Based on the obtained mathematical model, data on the heat release of the
battery cell in the motion cycle are calculated [31].

Appendix A.2 Modeling Blocks of the Charge/Discharge Modes of an Electric Vehicle Battery

We provide a logic diagram for switching motion cycles, as well as a charge cycle.
To simulate the load cycle of the battery, it is necessary to set the alternation of several
charge/discharge modes in accordance with the routes of the electric vehicle. The alter-
nation of cycles is necessary to determine the time intervals during which it is necessary
to charge the battery. With the help of the alternation of motion cycles, the heating and
the depth of discharge of the battery are determined [32]. When the set depth of discharge
is reached, the battery is charged with the rated current. These algorithms will allow
simulating the movement of an electric vehicle, taking into account a fast charge at the final
stops, as well as choosing the best option for installing charging stations along the route
to improve the battery resource [33]. The logic diagram for switching between cycles is
shown in Figure A4.

1-0 T{v)

Integration step, 1s

» 1
il I =

Integration step, 1s ~ Time

setting

|1650=

End of the first
half cycle

zero step of ,\l

J L first cycle
current profile L] T
([ > X—»@—» 7
< ) —p—o F Gain "_\_‘>
Clock Interval between Switch : —oF
cycles 10T 4% > Switch 2
0Ty Start charge @—" = s

integration i

05

step, 1s

S0} ] __p{n® — Clock 1
< Lo B
End of the second . operator 1
half cycle Reset Integrator 2 E_

s Relationa ‘

second cycle Start charge 1
current profile

Figure A4. Logic diagram for switching motion cycles, as well as the charge cycle.

The logical scheme presents two main cycles, according to which the calculation of
battery modes is performed. The current profiles correspond to the first and second routes.
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The formation of time intervals can be done using the “clock” block, but if the cycles
alternate one after the other, a timer must be used. The timer consists of an integrator block
whose step is one second (Figure A5).

r “1 l——
1 ’ 1 \.

=

Integration step, 1s Time setting
Figure A5. Forming a timer in Matlab.

The block also contains a counter reset, the input of which accepts a logical zero and a
logical one, in the case of setting the reset of the counter for the time interval for which the
battery is discharged. The exit from the time setting block is compared with the required
end time of the first cycle (end of the first and second route).

In the logic diagram, the battery charge current and the duration of its operation can be
configured. In the real tests, the charge was formed after two complete cycles of movement.
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