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Abstract: Currently, the estimated range of an electric vehicle is a variable value. The assessment of
this power reserve is possible by various methods, and the results of the assessment by these methods
will be quite different. Thus, building a model based on these cycles is an extremely important task
for manufacturers of electric vehicles. In this paper, a simulation model was developed to determine
the range of an electric vehicle by cycles of movement. A mathematical model was created to study
the power reserve of an electric vehicle, taking into account four driving cycles, in which the lengths
of cycles and the forces acting on the electric vehicle are determined; the calculation of the forces
of resistance to movement was carried out taking into account the efficiency of the electric motor;
thus, the energy consumption of an electric vehicle is determined. The modeling of the study of
motion cycles on the presented model was carried out. The mathematical evaluation of battery life
was based on simulation results. Simulation modeling of an electric vehicle in the MATLAB Simulink
software environment was performed. An assessment of the power reserve of the developed electric
vehicle was completed. The power reserve was estimated using the four most common driving
cycles—NEDC, WLTC, JC08, US06. Studies have shown that the highest speed of the presented US06
cycle provides the shortest range of an electric vehicle. The JC08 and NEDC cycles have similar
developed speeds in urban conditions, while in NEDC there is a phase of out-of-town traffic; therefore,
due to the higher speed, the electric vehicle covers a greater distance in equal time compared to JC08.
At the same time, the NEDC cycle is the least dynamic and the acceleration values do not exceed
1 m/s2. Low dynamics allow for a longer range of an electric vehicle; however, the actual urban
operation of an electric vehicle requires more dynamics. The cycles of movement presented in the
article provide a sufficient variety and variability of the load of an electric vehicle and its battery over
a wide range, which made it possible to conduct effective studies of the energy consumed, taking
into account the recovery of electricity to the battery in a wide range of loads. It was determined
that frequent braking, taking into account operation including in urban traffic, provides a significant
return of electricity to the battery.

Keywords: electric transport; motion cycle; mathematical model; lithium-ion battery; cycling; load cycles

MSC: 65C20

1. Introduction

The global automotive industry today is characterized by structural changes, expressed
in the introduction of new technologies, in the development of vehicles, and the transition
of many companies to strategies for the production of electric vehicles. Electric transport
is already a used technology for some countries of the world and its development will
only intensify in the coming years. Thanks to the new strategies of major automakers and
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government decisions to tighten emissions of harmful substances from cars and support
vehicles and encourage the use of alternative fuels (under various incentive measures),
the EVs and fuel cells market is developing dynamically and has the potential for further
growth. Many automotive companies (Tesla, Volkswagen, Toyota, BYD) and IT industry
leaders (Google, Baidu, Yandex, BYD, etc.) consider next-generation vehicles (including
electric) one of the most promising areas in business development and are considering
strengthening technological competencies as the basis of future competitiveness in the
market. Until now, when using battery electric vehicles before cars, there have been a
number of limitations—relatively low performance indicators, including the resources of
traction batteries, which are designed for 1000–1500 charge–discharge cycles, a relatively
low mileage of autonomous driving compared to cars based on internal combustion engines,
a rather high cost of batteries, an insufficient ratio of charging stations to power electric
vehicles, and a decrease in the electric capacity of batteries when the ambient temperature
drops below 20 ◦C for northern countries. Most performance indicators depend on the
efficiency of replenishment, storage, and use of electricity on board an electric vehicle.
These include mileage, battery life, and economic operating costs.

At the same time, the efficiency of energy use on board depends on the possibility of
reducing the additional mass of the battery, which ultimately leads to an improvement in
transport operation and performance in general. With existing shortcomings, it is possible
to organize the effective operation of the weakest link—the battery—in such a way as to
increase the resource and energy efficiency of the electric vehicle.

For this we need:

• to develop a complex mathematical model of the system of traction electrical equip-
ment, for a qualitative and quantitative assessment of the charge–discharge modes of
the battery;

• to analyze the operating modes of the battery using mathematical and simulation
modeling, as part of the traction electrical equipment system of an electric vehicle;
determine the thermal conditions of the battery, using simulation modeling of charge–
discharge modes, with intensive movement of the electric vehicle;

• to develop methods for determining resource characteristics based on the operating
cycles of electric vehicles.

The environmental situation in the world is currently under the close attention of
scientists and the public and the threat of global warming is becoming more and more real,
so it is important to reduce harmful emissions into the atmosphere. In addition, there is an
obvious increase in fuel prices, which contributes to the high cost of operating traditional
cars. These and other factors are motivational for consumers to purchase a hybrid vehicle
or a fully fledged electric vehicle [1].

At the current time, there are a large number of variations in electric vehicles. De-
pending on the power source and traction drive, there are: battery electric vehicles (BEV);
hydrogen batteries (FCEV); combining a power plant with a power plant running on a
different type of fuel (HEV) [2].

In the future, all-electric vehicles will become the most widespread. However, at the
moment, manufacturers are still in search of the most energy efficient and economical
power sources. Most often, the manufacturer equips its vehicles with one or another
type of lithium-ion battery; however, the technologies are updated annually, because
scientists are finding more and more energy-efficient battery components or improving
their manufacturing technology [3].

Combined sales of hybrid (HEV) and all-electric vehicles (EV) exceeded 2 million units
in 2019, according to the International Energy Agency, representing about 2.4–2.6% of the
global new car market. The pandemic and global lockdown that triggered the economic
crisis have placed the world’s leading electric car manufacturers in a very difficult position.
To a greater extent, this affected European automakers, who faced the possible threat
of penalties for non-compliance with the green program of the European Union. On
1 January 2020, new standards for carbon dioxide emissions from cars came into force in
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the EU. According to the new rules, automakers must produce 95% of cars with 95 g/km
emissions from 2020, and from 2021 all incoming cars must have this emission figure. In
addition, to stimulate the production of electric vehicles, from 2020 each car sold with an
emission of less than 50 g/km is counted to automakers as 2 low-emission vehicles, from
2021 as 1.67 and from 2022 as 1.33. It was assumed that such a gradual transition and
serious state support would give automakers time for a “soft” modernization of production
for the release of more “green” models. Now, we have to start from scratch and a total
and accelerated transition to hybrids and electric vehicles will require and unprecedented
level of investment from European automakers. At the same time, they are at risk of
losing market share in favor of electric vehicles from Tesla, the Renault–Nissan–Mitsubishi
alliance, etc., and in the less expensive segment they will have to compete with cars from
Chinese automakers BYD, JAC, Zotye, etc.

The term “electric vehicle” (EV) generally refers to a vehicle that is driven by an electric
motor powered by a self-contained power source. According to their type, electric vehicles
are divided into hybrid (HEV), charged by an internal combustion engine (in such cars,
electric mileage is extremely limited), and plug-in hybrid (PHEV). Plug-in hybrids (hybrid
plugins) are divided into several types:

• parallel—they combine the operation of electric and gasoline engines and allow the
battery to be charged from the network;

• series-parallel—capable of operating as both serial and parallel hybrid vehicles with
an electric motor as the main drive;

• sequential (REEV/REX)—electric vehicles with an increased range. In this type of
hybrid, the car is always powered by an electric motor that is powered directly from
the battery, but the battery itself is charged while driving by the built-in fuel generator;

• fully electric vehicles (EV/BEV) and fuel cell vehicles (FCV), which include an electro-
chemical generator to convert hydrogen into electrical energy.

The autonomy or driving range of modern hybrid cars reaches 750 km or more. In
the near future, it can reach one thousand kilometers. Serial all-electric cars, as a rule,
have an autonomy of 250–300 km. The declared autonomy of the top modification of the
Tesla Model 3 is approaching 500 km, and the maximum autonomy of the Tesla Model S,
according to the US Environmental Protection Agency (EPA), exceeds 600 km. Such a high
autonomy of Tesla electric vehicles was achieved primarily through the use of high-capacity
batteries, as well as by optimizing the battery management system. However, it should be
noted that the American company Tesla has repeatedly been identified as overestimating
the technical characteristics of its cars.

In 2020, the Institute for Transportation Research at the University of California (ITS-
Davis) conducted a comparative study of the autonomy of hybrid (PHEV) and electric
vehicles (EV) (Figure 1) [4]. Based on the data in Figure 1, it can be concluded that PHEVs
are not mainly focused on running a longer distance on a battery charge, but on the efficient
use of a battery charge–discharge cycle. This is also evidenced by the relatively small
capacity of PHEV batteries. EVs show the promise of manufacturers to use more capacity
and hence mileage.

Comparing these figures with the data that we have by 2022, we can safely say that
the main drawback of electric vehicles associated with their low autonomy has not yet
been eliminated. Thus, insufficient capacity, long charging time, and low specific energy
of batteries have been limiting the efforts of electric vehicle designers for many years. In
addition, the growing popularity of electric vehicles requires the use of more and more
batteries, which are components of complex systems that must work optimally in order to
ensure the safe and efficient use of energy.
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At the same time, another key disadvantage of electric vehicles, related to the cost of
batteries, is gradually becoming a thing of the past (Figure 2). If in 2005 batteries cost an
average of USD 1300–1500 per kWh, then by 2015 the price had fallen by almost 3 times,
to USD 500. According to optimistic forecasts [5], in 2025 the price may approach USD
100 per kWh.
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At the same time, it should be understood that the competitiveness of an electric
vehicle directly depends on the cost of oil. So, at a price of USD 240 per kWh, lithium-ion
batteries are competitive at an oil price of USD 75 per barrel. With an oil price of USD
50 per barrel, the cost of batteries should not exceed USD 150 per 1 kWh.

Certain grounds for optimism are provided by the improvement in battery technology.
If in the 1980s nickel–metal hydride batteries had a specific capacity of up to 120 Wh/kg,
then modern lithium-ion batteries used in electric vehicles can hold up to 2.6 kWh per
kilogram of their own weight (Table 1).
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Table 1. Characteristics of batteries of modern electric vehicles.

Battery Parameters Tesla Model S Nissan Leaf BMW i3

Battery capacity, kWh 85 24 22

Power reserve to full charge, km 426 175 160

Resource, years 7 5 5
Full charge cycle (220 V), h 8 8 8

Energy consumption, kWh/100 km 27.7 21 12

In addition, modern batteries allow a deeper charge and discharge. If for a nickel–
metal hydride battery, the optimal charging range is from 40 to 60%, that is, only 20% of
the total capacity, then for a lithium-ion battery it is 2.5 times greater: from 25 to 75% [6].

However, lithium-ion batteries also have significant disadvantages. Unlike most
electronic integrated circuits and microchips, the optimum temperature range for lithium-
ion batteries is quite narrow (25 to 45 ◦C) and varies by vendor, charging mode, and other
factors. To ensure normal operation and avoid permanent damage, the average temperature
of the cells and the temperature difference between them must be within the target range.
Extended use of batteries at temperatures below −15 ◦C can reduce battery capacity and
the number of possible charge cycles by half. This fact should be taken into account when
operating electric vehicles in cold climates. In addition, the battery of an electric vehicle
experiences degradation of approximately 0.007–0.01% with each discharge and charge
cycle due to the decrease in the active substance of the anode, cathode, and electrolyte.

1.1. Cycles of Movement of an Electric Vehicle for Mathematical Modeling of
Energy Characteristics

The automotive industry is currently one of the most important global industries, not
only on an economic level, but also in terms of research and development. However, the
rapid increase in the number of cars has led to a sharp increase in air pollution levels in
cities. In this connection, the authorities of most developed countries are on the path of
encouraging the use of vehicles with zero emissions [4].

In addition to the environmental component, the rise in fuel prices is also important.
Currently, there is an increase in the popularity of electric vehicles, today there are cars with
an electric motor in the assortment of many well-known automakers. There are both fully
electric cars and hybrid ones, in which an internal combustion engine is combined with an
electric motor. When driving in a hybrid vehicle, it is possible to cover a greater distance
without refueling, because after the traction batteries are discharged, the car will work due
to the internal combustion engine using combustible fuel. A fully fledged electric car is
deprived of the possibility of movement due to a non-electric engine, so automakers tend
to install the most capacious traction batteries possible in order to increase the range [5].

Electric cars appeared before the internal combustion engine was created. In 1841, the
first electric car was shown, which was a trolley with an electric motor. The beginning of
the 20th century is characterized by the ubiquity of electric vehicles and cars with a steam
engine. In 1900, about half of the cars in the United States were steam-powered, and in
particular, in New York, about 70 thousand electric cars worked in taxis [6,7].

The technical and economic parameters of electric vehicles primarily depend on the
characteristics of the batteries used. The very first electric cars at the beginning of the
20th century were equipped with lead–acid batteries. Modern electric vehicle construction
began in the 1990s of the last century, and then nickel–metal hydride (NiMH) traction
batteries (batteries) were installed. In 1994, General Motors acquired the exclusive rights
to NiMH from Ovonics. The battery of this type was equipped with the electric car (EV),
produced since 1997 for two years. With a battery capacity of 18.7 kWh, the electric car was
able to travel 240 km. However, in 2003 this model was completely withdrawn from the
owners and destroyed [8].
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NiMH is still used in electric cars, although lithium-ion (Li-ion) batteries have begun
to replace them and the transition to a more modern energy storage system is visible
everywhere. Unlike lithium-ion batteries, nickel–metal hydride batteries use hydrogen,
nickel, and titanium or a similar metal to store energy. This makes them much cheaper to
manufacture compared to the first type of batteries. The main obstacle to the continued use
of NiMH batteries is their low energy density, which is almost 40% less than that of their
main competitor. NiMH can definitely be made the same capacity as lithium-ion batteries,
but only by increasing their size [8].

The first electric car to use Li-ion batteries was the Tesla Roadster in 2008. In 2010,
based on the Audi A2, an electric car was developed with the innovative Kolibri AlphaPoly-
mer battery, which is a lithium metal polymer (LMP). The difference in this technology
is that it is not lithium phosphate or oxide that is used, but metallic lithium and a solid
electrolyte. The capacity of the traction battery was 115 kWh, which made it possible to set
a record for a range of 700 km on public roads. One of the key disadvantages of the LMP
battery was its extremely low service life—100–200 charge–discharge cycles [9].

Among the 90 chemical elements from the periodic table that can participate in redox
reactions, it is lithium that has the limiting characteristics, has the lowest electrode potential,
and the highest current load is 3.83 A·h/year. Other chemical elements can improve one
characteristic, but harm another. For these reasons, over a long period, the direction of
lithium batteries has been developing [10,11].

1.2. Model Range of Electric Vehicles and Parameters of Mathematical Modeling

The range, in most cases, is one of the fundamental criteria for the consumer when
choosing an electric vehicle model for purchase. Its value is influenced by many fac-
tors related to both the design of the vehicle and the driving style. Aggressive driving,
large differences in track profile, and extreme climatic conditions significantly reduce the
range [12].

Scientists from the University of Žilina (Slovakia) [13,14] assessed the factors affecting
the range of an electric vehicle by modeling using the MATLAB Simulink software. As
input parameters, traffic cycles based on real indicators for the cities of Žilina and Prague
were used [15]. First of all, an assessment of regenerative braking in an urban environment
was carried out. The comparison of vehicle deceleration from 90 km/h to 50 km/h when
using regenerative braking and coasting showed greater efficiency when coasting, both
under the condition of partial subsequent use of regenerative energy, and with its full
consumption [16,17]. However, while driving, it is not always possible to accurately assess
the right moment for effective coasting.

Electricity consumption during acceleration of an electric vehicle directly depends
on the parameters of the installed electric motor. Engine operation in the zone of high
efficiency values is the most energy efficient [18,19].

An assessment of the effect of the size of the battery on the range showed that, in
most cases of everyday urban operation of an electric vehicle, the capacity of the battery is
excessive, leading only to an increase in the weight of the electric vehicle in the absence of
consumer need consumer in the proposed battery parameters [20].

The mass of the vehicle increases in proportion to the capacity of the battery. If an
electric vehicle has a large capacity battery and is used for short distances, it is less efficient
than the same electric vehicle with a smaller battery. In this case, an electric car with a
smaller battery pack is more efficient due to the greater travel distance achieved using 1 kW
of energy [21].

According to research by scientists from Columbia University (USA) [22], aimed at
studying GPS data on the length of trips on electric vehicles, the distance covered by an
electric car during the day does not exceed 50–80 km on average [23].

The review of studies has shown that at present the assessment of the range of an
electric vehicle is a variable value. The assessment of this power reserve is possible
by various methods, and the results of the assessment by these methods will be quite
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different. The main parameters used for such an assessment are the driving mode, road
surface structure, route relief, traffic dynamics, and external operating conditions (weather
conditions, technical condition of the electric vehicle) [24,25].

Most estimation methods use these parameters as factors. Standard driving cycles
(NEDC, WLTC, JC08, US06) were adopted for simulation, designed to determine the
economical consumption of the traction battery.

In our study, we developed an electric vehicle driving model based on standard
driving cycles (NEDC, WLTC, JC08, US06) presented in various regions of the world. These
cycles take into account the landscape of the area, climatic conditions, urbanization of the
region, and traction loads [26]. The NEDC, WLTC, JC08, and US06 standard driving cycles
were originally used for cars, but now that electric vehicles are becoming more popular,
these cycles have also formed the basis of EV energy analysis. In this case, only the energy
of liquid fuel is converted into electrical energy. Thus, the use of mathematical methods
to describe various cycles of movement will allow the creation of a mathematical model
for studying the range of an electric vehicle, taking into account four driving cycles, in
which the lengths of cycles and the forces acting on the electric vehicle are determined;
calculation of the forces of resistance to movement is carried out taking into account the
efficiency of the electric motor; the energy consumption of an electric vehicle is determined.
Next, a simulation of the study of motion cycles on the presented model is completed and
mathematical assessment of the battery life based on the simulation results is performed.

1.3. Features of the Choice of Driving Cycles for Mathematical Modeling of Battery
Operating Parameters

Currently, lithium-ion batteries in electric vehicles are forced to operate in severe
conditions, namely, under non-standard conditions of sudden surges in load current and
randomly changing charge and discharge cycles associated with acceleration and regenera-
tive braking cycles, which leads to a deterioration in performance and intensive aging of
battery materials. Therefore, in order to obtain an integral estimate of the parameters of a
traction battery and SOC operated in heavy forced electric traction modes with recuperation
modes, it is necessary to perform simulation mathematical modeling of the battery behavior
during various driving cycles. There are a fairly large number of motion cycles [27], but the
authors chose the next most difficult ones not only in terms of amplitude load, but also in
terms of a large number of load cycling on an electric vehicle.

To implement the mathematical model of the electric vehicle battery charge–discharge
modes, dynamic models of the following motion cycles were taken, the features of which
are given below.

A driving cycle of a vehicle is a series of data points representing a vehicle’s speed over
time. Some are highly stylized, such as the outdated European NEDC which was designed
with specific requirements in mind but had little to do with actual driving patterns.

The NEDC driving cycle is from 2000 and calculates driving on motorways and in
urban areas based on the following data. The general evaluation criterion are based on
covering a distance of 11 km in 20 min. The speed indicators of this cycle are concentrated
at around 33.6 km/h, at which, in a 20-min period, the car has 12 stops and, accordingly,
accelerations. For urban use, NEDC offers four evaluation blocks, each covering 1013 km of
distance with a driving time of approximately 3 min and 15 s. Estimated vehicle acceleration
for these blocks is 18/32/50 km/h, with an average speed of 18.7 km/h. Driving outside
the city limits within the cycle is estimated based on the data, where the estimated average
speed of movement is 62.6 km/h, over a distance of 6.955 km, which the car travels in 400 s.
At the same time, the maximum acceleration of the car is assumed at the level of 120 km/h.
The cycle is designed for low speeds on the track, designed for a leisurely ride.

The JC08 movement cycle has been operating in Japan since 2007, and in 2010 it was
adopted as a single evaluation standard. The estimated time for this cycle is 20 min, during
which the car is expected to cover a distance of 8.17 km. The speed range of the JC08
measuring cycle is 24.4 km/h for medium speed and 81.6 km/h for maximum speed. There
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are several specific evaluation criteria in this cycle, firstly, the allowed acceleration is almost
the maximum compared to the rest of the studied cycles, and secondly, the evaluation
involves measurements taking into account the “quick” and “calm” start. Crucial to
evaluating the range of electric vehicles is the fact that vehicle stops will last about 30% of
the estimated time (6 min out of 20 min tested). Of course, in this mode, the electric car does
not use electricity, and, accordingly, the range figures for the JC08 cycle will be the largest.
The optimal calculation of this cycle is for cars that move in city traffic with constant stops
at traffic lights, traffic jams, and parking lots. However, it is not optimal in its calculations
for vehicles used on highways, and more precisely, it does not take high-speed operation
into account at all.

The US06 driving cycle is based in the US and is designed to simulate vigorous city
driving. A large number of stops, followed by a rather sharp increase in speed, are typical
for this cycle.

The WLTC driving cycle is the state of the art driving cycle standard for determining
the fuel and energy consumption of automobiles and electric vehicles. It was created on the
basis of statistical data on the modes of movement of light vehicles in different countries.
The cycle consists of four sections with different control modes, the first two of which (Low
and Medium) simulate traffic in an urban environment, and the next two (High and Extra
High) simulate a suburban traffic mode. Thus, the Low phase is a frequent alternation of
short traction and braking modes, and the Extra High phase is a long traction mode with
acceleration to high speeds followed by sharp braking. Based on these features of diverse
driving cycles, building a model based on these cycles is an urgent task.

Therefore, these motion cycles were chosen as the basic ones.

2. Materials and Methods

The paper simulates typical cycles of the movement of an electric vehicle, with the
help of which numerous real cycles of movement are studied in a wide range of speeds,
accelerations, battery conditions, energy costs for a trip, taking into account the energy of
recovery, including under extreme traction loads. At present, this will allow researchers to
obtain a method for determining the optimal energy-efficient driving modes for electric
vehicles, including unmanned vehicles. All this will save the cost of transporting passengers
and goods, including the development of heavy-duty electric vehicles (driven by a driver
or autopilot).

A feature of this work is that it develops a simulation model of the movement of an
electric vehicle to determine the range of an electric vehicle for certain cycles of movement.
Simulation modeling of an electric vehicle is carried out in the MATLAB Simulink R2016b
software environment (Natick, MA, USA), taking into account the assessment of the range
of the developed electric vehicle.

The main structure of the mathematical study in this work:

1. Development of a mathematical model for studying the range of an electric vehicle,
taking into account four driving cycles, in which the lengths of cycles and the forces
acting on the electric vehicle are determined.

2. Creation of a mathematical model for calculating the forces of resistance to movement
was carried out taking into account the efficiency of the electric motor. Then, on its
basis, the determination of the energy consumption of an electric vehicle.

3. Conduct of a simulation of the study of cycles of movement of an electric vehicle on
the presented model and performance of a mathematical assessment of the battery
life based on the simulation results.

4. Formulation of recommendations for developers of mathematical software for the
microcontroller for controlling the electric vehicle charging battery, which would
allow the control of the electric vehicle to be adjusted in Eco mode, taking into account
the efficient energy consumption of the electric vehicle and saving battery life.
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2.1. Canned Cycles for Power Reserve Research

The range was estimated using the four most common driving cycles—NEDC, WLTC,
JC08, US06. Below are their descriptions and characteristics [28,29].

When referring to the driving range of an electric vehicle, it is necessary to specify the
measuring cycles, as a result of which this range was obtained. The discrepancies can be up
to 25% for the same electric vehicle. The standard driving cycle represents the dependence
of the vehicle speed on time V(t) and includes all modes (acceleration, movement at a
constant speed, braking, stopping) selected for the most complete driving characteristics
in the conditions of normal traffic flow of a large city. Consider four common motion
cycles [30].

The European driving cycle NEDC (New European Driving Cycle), shown in Figure 3,
is mandatory for Europe and takes into account the specifics of the roads of this region. It
includes the passage of a distance of 11 km in 20 min at an average speed of 33.6 km/h.
The movement in the city is simulated by four separate blocks of 195 s each with a distance
of 1 km. On these sections, the car accelerates to 18–32–50 km/h. Traffic on the highway
includes one block 7 km long at an average speed of 62.6 km/h and a maximum speed
of 120 km/h. The main nuance of this cycle is soft and unhurried acceleration: from 0 to
50 km/h—26 s, from 0 to 70 km/h—41 s [31].
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Figure 3. NEDC test cycle.

The most relevant at the moment is the Worldwide Harmonized Light Vehicles Test
Cycle (WLTC), used for light vehicles. Designed to be as close to real road conditions as
possible, WLTC is more dynamic than NEDC, including smooth acceleration and decel-
eration. The cycle is divided into four phases to increase acceleration: Low (up to 480 s),
Medium (up to 1000 s), High (up to 1450 s), and Extra High. Figure 4 shows the WLTC
movement cycle [32].

The Japanese measuring cycle, JC08, also intended for cars, has a distance of 8.17 km,
which must be covered in 20 min at an average speed of 24.4 km/h [33]. The vehicle, when
overcoming this cycle, develops a maximum speed of 82 km/h. The peculiarity of the cycle
lies in perhaps the highest accelerations among others. JC08 practically does not take into
account suburban traffic; however, it is suitable for dense city traffic with frequent long
stops and dynamic accelerations. This driving cycle is shown in Figure 5.
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The American cycle US06 is a 12.8 km route with an average speed of 77.9 km/h and
a maximum speed of 129.2 km/h. The cycle is shown in Figure 6.
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2.2. Calculation of the Characteristics of an Electric Vehicle

To form a model for studying the range of an electric vehicle by cycles of motion,
first of all, for each segment of the cycle time V(t), the values of accelerations necessary to
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calculate the dynamic force are determined. The acceleration value of the vehicle is the
derivative of the speed with respect to time [34]:

a =
dV(t)

dt
, m/s (1)

By multiplying the acceleration by the mass of the electric vehicle, taking into account
the coefficient of inertia of the rotating parts, the dynamic force is calculated:

Fd = (1 + γ)·m·a, N (2)

where γ = 0.1 is the coefficient of inertia of the rotating parts.
To calculate the specific resistance force for each moment of movement of an electric

vehicle, it is necessary to add the rolling force Froll to the total air resistance force Fair:

Fc = Fair + Froll , N (3)

The full force of air resistance is the greater, the higher the speed of movement and
the greater the frontal area of the electric vehicle; in addition, the streamlining of the
body matters:

Fair = S·k·V2, N (4)

where S is the frontal area of the electric vehicle, m2; k is the streamlining coefficient,
N·s2/m4 defined as:

k = 0.5·CX ·ρair (5)

where ρair = 1.225 kg/m3—air density; CX is the coefficient of aerodynamic air resistance,
for the body of a typical electric vehicle we will take CX = 0.35 N·s2/m·kg.

Substituting the parameter values, we obtain:

k = 0.5 × 0.35 × 1.225 = 0.21 N·N2/m4

The value of the frontal area is calculated by multiplying the empirical coefficient
0.9 by the height of the electric vehicle and the track width (1585 mm):

S = 0.9·h·b = 0.9 × 1705 × 1585 × 10−6 = 2.43 m2 (6)

The value of the rolling force is:

Froll = m·g· froll , N (7)

where m is the mass of the electric vehicle, kg; g = 9.81 m/s2—free fall acceleration;
froll—rolling friction coefficient of the wheel, for roads with asphalt concrete pavement
froll = 0.015.

The force realized on the wheel in the traction mode should set the acceleration and
compensate for the resistance to movement [35]. However, this formulation is unfair for
the coast and braking modes. Expression (8) contains the calculation for the traction, coast
down, and braking modes, respectively:

Froll =


Fd + Fc
Fc, N

Fd − Fc

(8)

Mechanical power consists of the product of the force acting on the wheel and the
instantaneous speed of the vehicle [36]:

Pmech = Fk·V, W (9)
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The amount of energy consumed by an electric vehicle in the traction mode is deter-
mined by the integral of the traction power over time:

Econs =
∫ 0

t
Pthrust(t)dt, J (10)

The amount of electricity generated in braking mode is calculated as:

Egen =
∫ 0

t
Pbraking(t)dt, J (11)

In Expression (10), Pthrust is the electric power consumed by the electric vehicle in the
traction mode, W:

Pcons =
Pcons(mech)

ηred·ηconv·ηmotor
(12)

where Pcons(mech) is the mechanical power of the thrust mode, W; ηred, ηconv, ηmotor are the
efficiency values of the reducer, converter, and electric motor, respectively.

In Expression (11), Pbraking is the electric power transferred to the battery in the braking
mode, W:

Pbraking = Pbraking(mech)·ηred·ηconv·ηmotor, W (13)

where Pbraking(mech) is the mechanical power of the braking mode, W. In the general case,
the mechanical power in the braking mode of an electric vehicle is determined as follows.
Knowing the mass of the electric vehicle, the initial and final speeds of braking and the
time during which the braking was performed, the difference in the kinetic energies of the
electric vehicle before and after braking is determined. Further, by dividing the difference
by the braking time, the mechanical power in the braking mode of the electric vehicle
is determined.

The electric power in the traction mode is greater than the mechanical power due to
the losses that accompany the transfer of energy from the electric motor. When braking, the
opposite is true. The final energy of the battery at any time is determined by Expression
(12), taking into account the modes of traction and braking, respectively:

Eult =

{
E0 − Econs

ηAccum
E0 + Egen·ηAccum

, J (14)

where Eult is final energy of the battery at any time during the driving cycle; E0 is the
initial energy in the battery, J; Egen is the amount of electricity generated in braking mode;
ηAccum = 97% is the average efficiency of the traction battery.

For a comparative assessment of energy consumption in different conditions, it is
attributed to a specific meter. In this case, the specific energy consumption Espec is expressed
in Wh/km and is calculated using the formula:

Espec =
E

3600·l ,
W·h
km

(15)

where 1/3600 is the conversion factor from J to Wh.
SoC (State of Charge)—the remaining battery charge after overcoming the distance of

one cycle of movement relative to full capacity, expressed as a percentage:

SoC% =
Eult
E0

·100, % (16)

In the simulation model, we consider the law of SoC change depending on the state of
charge and mileage in the driving cycle to be linear.



Mathematics 2023, 11, 2586 13 of 26

The most important indicator in the calculation is the value of the power reserve of
an electric vehicle for any cycle of movement [37]. In the model, the power reserve is
determined based on the ratio:

l
lc

=
E
Ec

; l =
lc·E
Ec

, km (17)

where lc and Ec are the distance of one cycle and the values of the consumed energy,
respectively; E is the capacity of the traction battery, W·h.

2.3. Model Structure

In this part, we consider a simulation model for determining the range of an electric
vehicle, taking into account four driving cycles. The simulation was carried out on the basis
of the Japanese Nissan Leaf electric car. The battery installed on it is called LTO, consists of
192 cells, has a mass of 270 kg, a capacity of 24 kWh, and the power reserve is about 200 km.
According to the test results, the energy consumption is 765 kJ/km (21 kWh/100 km),
which is equivalent to about 2.4 L/100 km. The LTO provides increased autonomous
mileage and high acceleration capabilities of the electric motor. The type of electric motor
is a synchronous machine, the maximum speed is 145 km/h, acceleration to 100 km/h is
10 s. The maximum power of the electric motor is 80 kW (109 hp). The maximum torque is
280 Nm. The transmission is a 1-speed gearbox with a gear ratio of 794:100. The mass of
the electric car is 1521 kg.

When designing an electric vehicle, to select its main parameters, it is necessary to
rely on the calculated data obtained by simulating the movement of a vehicle in various
conditions [38]. To study the operation of an electric vehicle battery, a model was cre-
ated in the MATLAB Simulink environment [39]. Figure 7 shows the flowchart of the
solution framework.
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For ease of perception, the model is divided into four functional blocks. Consider
block 1, shown in Figure 7, the input data for the calculation are taken using the From
Workspace block, where the specified motion cycle is preliminarily set by loading the file
into the Workspace area of the MATLAB window. Furthermore, if necessary, the speed is
converted from miles/h to km/h, and then to m/s. The distance covered by the electric
vehicle during the cycle is determined by integrating the speed in the Integrator3 block,
the resulting value in kilometers is output to the Distance, km block. The Derivative block
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gives the acceleration value in m/s2. Knowing the values of accelerations and specifying
the mass of the electric vehicle, Expression (2) is used to calculate the dynamic force [40].

In parallel, the force of resistance to movement is calculated according to Expressions
(3)–(7); accordingly, as shown in Figure 8 in the traction mode, the resistance force must be
added to the dynamic force, and in the braking mode it must be subtracted, then the current
mode of motion in the model must be taken into account. This function is performed by
the Switch block, which works as follows: a condition is applied to the middle input; in
this case the acceleration must be positive, if the condition is met, then the output signal is
equal to the first input, and if the condition is false, the output signal is equal to the third
input. In this case, the value of the resistance force is added or subtracted depending on
the sign of the acceleration. The product of the force acting on the wheels and the speed of
movement provides the amount of mechanical power. When the electric vehicle is moving
in reverse, these processes are modeled similarly.

Further, the known values of mechanical power are used to determine the energy
consumption in the traction and braking modes (Figure 10). A non-linear element with
a Saturation limitation level performs mechanical power separation; in the first case, the
block passes only positive values of mechanical power (traction mode), and in the second,
negative (deceleration mode). Electric power for each driving mode is determined by
Expressions (12) and (13).

To take into account the efficiency of the electric motor and the converter, the 2-D
Lookup Table block is included in the model (Figure 11). The values of the force on the
wheel and the speed of the electric vehicle are fed to the input of the block. The block setup
shown in Figure 10 includes the dependences of efficiency on various values of traction
force, taken based on data from the Nissan Leaf electric vehicle.
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Block 4 serves to display the main results of the electric vehicle simulation on the
following displays and is presented in Figure 12:

1. Specific energy consumption per cycle, Wh/km;
2. Range of the electric vehicle, determined by Expression (17), km;
3. Energy consumption per cycle, MJ;
4. Remaining battery charge, MJ;
5. SoC batteries, %.
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The model for studying the energy consumption of an electric vehicle obtained in
MATLAB Simulink is shown in Figure 13.
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3. Results and Discussion
3.1. Simulation Results

To compare the range of an electric vehicle under different conditions, four driving
cycles (US06, JC08, NEDC, and WLTC) were simulated, described in the Materials and
Methods section.

The modeling work carried out showed that the most high-speed of the presented
cycles is the US06 cycle. It provides the shortest range of an electric vehicle (Figure 14). High
power consumption is explained mainly by suburban traffic at speeds above 100 km/h [41].

Cycles JC08 (Figure 15) and NEDC (Figure 16) have similar developed speeds in urban
conditions; however, in NEDC there is a phase of suburban traffic and due to the higher
speed, the electric vehicle covers a greater distance in an equal time compared to JC08. At
the same time, the NEDC cycle is the least dynamic as the acceleration values do not exceed
1 m/s2. Low dynamics make it possible to provide a greater driving range of an electric
vehicle; however, the actual urban operation of an electric vehicle requires more dynamics,
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and therefore, in order to bring the calculations closer to real conditions, the measurement
results for the NEDC cycle will not be taken into account in the future [42].
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The modern WLTC measuring cycle (Figure 17) provides sufficient range. Frequent
braking, taking into account operation in city traffic, provides a significant return of
electricity to the battery.
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The data obtained from the simulation results are summarized in Table 2.
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Table 2. Comparison of motion cycles according to their characteristics obtained from the simula-
tion results.

Cycle Parameter US06 JC08 NEDC WLTC

Time range, s 600 1200 1200 1800
Cycle length, km 12.89 8.15 11.04 22.77

Specific consumption, Wh/km 191 127 76 159
Energy consumption per cycle, MJ 8.9 3.7 3 13

Remaining battery charge, MJ 141.1 146.3 147 137
SoC, % 94.1 97.5 98.0 91.3

Power reserve, km 218 328 546 262

As can be seen, after comparing the motion cycles according to their characteristics
obtained from the simulation results, the following conclusions can be drawn: the NEDC
motion cycle is the most energy efficient, although it is less dynamic. However, in the
conditions of the urban driving cycle, this cycle is the most acceptable and in demand in
terms of mileage per unit of battery electricity spent. So, during the urban driving cycle,
the average speed is quite low and can reach up to 10–15 km/h, and the acceleration of
traffic in conditions of its regulation in the city is not so frequent and significant. The rest
of the motion cycles studied as a result of the simulation also make it possible to obtain
a dynamic picture of the consumption of electricity for movement in forced, alternating
motion cycles.

Below, in Figures 14–17, the resulting dependencies are presented in the following order:

1. V(t), m/s—the investigated cycle of movement;
2. a(t), m/s2—changes in the acceleration of the electric vehicle during the cycle;
3. P(t), W—consumed mechanical power from cycle time;
4. E(t), MJ—current energy supply;
5. SoC, %—the degree of battery charge.

The results of the simulation mathematical modeling presented in Figures 14–18 can
be used to create an adaptive battery management system (BMS) that takes into account
the results of the study and allows subsequent adjustment of the load and charging modes
of the batteries in order to ensure high performance of electric vehicles, including its
maximum mileage. The methodology for studying the characteristics that affect the battery
life, in the form of mathematical models for electric vehicle control controllers, can be
implemented on the latest intelligent systems, including neural networks [24].
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On the basis of the developed methodology for determining the characteristics, the
performance characteristics of traction power sources of an electric vehicle were obtained
for various driving cycles, including highly loaded driving cycles, with a large number of
reversals under load and taking into account energy recovery to the battery.

Figures 14–17 shows that a distinctive feature of the battery operating modes as part
of an electric vehicle is the uneven load associated with road conditions, as well as the high
cyclicity (reversibility) of the charge–discharge processes, due to energy recovery in the
battery in the electric braking mode.

3.2. Battery Life Estimation Based on Simulation Results

The main result of our modeling work is the need to calculate the average range based
on the simulation results of the developed electric vehicle [43,44]:

L =
LUS06 + LJC08 + LWLTC

3
, km (18)

where L is the range of the electric vehicle according to the US08, JC08, and WLTC cycles,
respectively, in km, LUS06, LJC08, LWLTC

L =
218 + 328 + 262

3
≈ 270 km (19)

To assess the battery life, it is necessary to analyze the discharge characteristics of
the cells. Let’s compare two typical types of lithium-ion batteries that are widely used
in electric vehicles: the lithium iron phosphate battery (LFP) and the lithium titanate
battery (LTO) [27]. As initial data for LFP batteries, the results of studies [45] are taken,
which present the dependences of the effective capacity of the battery at different depths
of discharge. The depth of discharge of an LFP battery has a significant impact on cycle
life. To assess the degradation of LTO batteries, data from the manufacturer Toshiba [46,47]
were used. According to the manufacturer, the degradation rate of LTO cells is practically
independent of the depth of discharge. The degradation characteristics of LFP and LTO
elements are shown in Figure 17.

As can be seen in Figure 17, degradation processes in LFP and LTO state of health
(SOH) batteries significantly depend on the number of charge cycles, n.

According to Bloomberg’s analytical agency for electromobility and autonomy,
BloombergNEF, a car’s mileage is 17,500 km per year, which corresponds to a daily mileage
of 50 km [48,49]. In the case of recharging the battery of an electric vehicle every 2 to 3 days,
i.e., after the charge level drops to 50% of the nominal capacity, the traction battery life will
be about 11 years or 200 thousand kilometers for an LFP battery. In the case of installing an
LTO battery, the resource of which has a larger reserve, replacement will be required after
more than 500 thousand kilometers [50,51].

During the operation of an electric vehicle, the battery operates in heavy forced modes
with load current fluctuations and randomly changing charge–discharge cycles in time, the
frequency and duration of charge–discharge cycles, as well as a wide temperature range.
The whole combination of these factors significantly affects the degradation of electrode
materials, changing the operating parameters of the battery, which leads to deterioration in
performance and accelerated wear of the batteries (Figure 17). Thus, it was determined that
the widespread use of a battery as part of an electric vehicle requires solving a whole range
of problems for the effective control of charge–discharge modes, determining the factors
affecting the battery aging processes, and also determining the optimal control modes for
the power plant of an electric vehicle without deteriorating dynamic properties. Battery
life is an important economic and technological factor influencing the pace of adoption of
autonomous vehicles.

In the future, based on the proposed mathematical model for assessing the technical
state of the battery and experimental results on the degradation of lithium-ion batteries,
it is supposed to identify the main operational factors affecting its state. With the help of



Mathematics 2023, 11, 2586 23 of 26

research in the field of modeling, diagnostics, and forecasting of the battery life of electric
vehicles, as well as their intelligent control, new theoretical and practical methods for the
integrated assessment of the parameters of the traction battery and SOC, operated in heavy
forced electric-traction modes with recovery modes, will be created and proposed. The
traction mode is characterized by a battery discharge current, while the regenerative mode
generates a charge current. These currents depend on many random factors determined
by the traction and energy modes of electric vehicles. A multi-parametric, multi-factor
mathematical model of the process of degradation of materials of lithium-ion batteries will
be proposed and developed, changes in the electrochemical parameters of the material after
exposure to the system with a pulsed current of different frequency, shape and amplitude
on an electrochemical cell will be studied. These studies will have a significant effect on the
development of modern storage devices.

3.3. Verification and Limitations of the Mathematical Model of the Traction Electrical
Equipment System

The limitations of the obtained mathematical model of the performance of an electric
vehicle, taking into account various driving cycles, include:

1. Low performance of electric vehicles in general, including the life of traction batter-
ies, significant limited autonomous driving compared to vehicles based on internal
combustion engines, the continued high cost of batteries, limited introduction of
a charging infrastructure, and deterioration in efficient operation at low ambient
temperatures environment.

2. The braking control system increases the moment of resistance on the motor shaft
if the vehicle speed is higher than the speed in a given driving cycle. The model
is necessary when comparing the results according to the test protocol. In addition
to the standard braking system, the electric vehicle uses regenerative braking. The
energy obtained from generating the braking torque of the electric motor is used to
charge the battery. However, in the case when the battery is fully charged and cannot
receive energy, the regenerative torque must be limited using the standard braking
system. The efficiency and consumption of electrical energy, as well as the efficiency of
recuperation, depend on the ratio of the mechanical brake system and the electric one.

The obtained mathematical model was verified. Verification of the obtained results ob-
tained good convergence with similar models [25] by comparing the driving characteristics
in simulation with real characteristics when driving in a variable cycle of electric vehicle
movement [52].

4. Conclusions

As a result of this work, a complex mathematical model of the traction electrical
equipment system was developed for the qualitative and quantitative assessment of the
charge–discharge modes of the battery; the analysis of the operating modes of the bat-
tery was carried out using mathematical and simulation modeling, as part of the traction
electrical equipment system of an electric vehicle; the thermal regime of the battery was
determined using simulation modeling of charge–discharge modes, with intensive move-
ment of the electric vehicle; methods for determining resource characteristics based on the
operating cycles of electric vehicles were developed.

Using the analytical simulation model for determining the range of an electric vehicle
by cycles of movement in the MATLAB Simulink environment and the solution results
obtained during the simulation, we can draw the following conclusions:

1. The US06 maximum speed cycle provides the smallest EV range. High energy con-
sumption is mainly associated with country driving at speeds above 100 km/h.

2. Cycles JC08 and NEDC have similar developed speeds in urban conditions; however,
in NEDC there is a phase of suburban traffic and due to the higher speed, the electric
vehicle covers a greater distance in equal time compared to JC08. In this case, the
NEDC cycle is the least dynamic; the acceleration values do not exceed 1 m/s2. Low
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dynamics allows for a longer range of an electric vehicle, however, the actual urban
operation of an electric vehicle requires more dynamics, and therefore, measurements
for the NEDC cycle will not be taken into account in the future in order to approximate
real conditions.

3. The modern WLTC measuring cycle provides sufficient range. Frequent braking,
taking into account operation in city traffic, provides a significant return of electricity
to the battery.

As can be seen, after comparing the motion cycles according to their characteristics
obtained from the simulation results, the following conclusions can be drawn: the NEDC
motion cycle is the most energy efficient, although less dynamic. However, in the conditions
of an urban driving cycle, this cycle is the most acceptable and in demand in terms of
mileage per unit of battery power consumed. So, with an urban driving cycle, the average
speed is quite low and can reach up to 10–15 km/h, and the acceleration of traffic in the
conditions of its regulation in the city is not so frequent and significant. At the same time,
the extra-urban traffic cycle can be characterized by high speeds and accelerations. The rest
of the motion cycles studied as a result of the simulation also make it possible to obtain a
dynamic picture of the energy consumption for driving in forced modes.

An assessment of the resources of the traction battery was made, which showed that
the replacement of the LFP with the DTO battery of an electric vehicle significantly extends
the service life of the traction battery to 500 thousand km or more of the car’s mileage.
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