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Abstract

Electric vehicles are now a completely familiar part of the street scene. Their number
is determined by many factors, one of the most significant of which is price. With the
ever-increasing supply, it is becoming increasingly difficult for buyers to decide between
different vehicles, as in many cases, there is a minimal difference between the two vehicles.
A parameter influencing such a purchase is the vehicle’s range. Experience shows that in
many cases the range given in the catalogue and the real, available range differ significantly.
The available range changes dynamically while driving, typically showing a decreasing
value. This research describes a range estimation model that takes into account driving
habits and temperature conditions.
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1. Introduction

The aim of this paper is to determine the energy consumption pattern of an electric
vehicle under different speed profiles—urban, suburban, country and motorway use—and
to estimate and identify the range-reducing effect of energy-consuming systems in vehicles.

The Introduction Section of the paper presents the general energy challenges of road
transport and highlights the importance of environmentally conscious solutions in the
transport sector. The Literature Review Section then provides a brief overview of the devel-
opment of energy-efficient technologies and the role of regenerative systems. The research
mentions the currently accepted driving cycles; one such cycle is the WLTP (Worldwide
Harmonized Light Vehicles Test Procedure). The Simulation Section presents the obtained
simulation results in detail, focusing on the range-reducing effect of other consumers in
the vehicle. The paper emphasizes in its Conclusions Section that in order to optimize
energy management, a thorough knowledge of the differences between vehicle categories
and driving conditions is essential. The research contributes to the development of more
efficient energy use strategies and provides valuable information for the development of
sustainable transport systems.

2. Literature Review

Road vehicles are typically classified into three categories based on the energy
source(s) required to power them. These are conventional (internal combustion en-
gine vehicle—ICEV), hybrid (hybrid electric vehicle—HEV) and purely electric (electric
vehicle—EV). The first group includes vehicles powered by gasoline or diesel engines,
which have been present in traffic since the 19th century; in contrast, electric vehicles
have only achieved significant market penetration in recent years [1]. Hybrid vehicles
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are classified into several categories based on the energy converter used to power the
vehicle (internal combustion engine or electric motor), the energy source (battery, fuel cell
or gasoline) and whether they are charged from an external source (charging station or
home charger) [2]. Researchers are constantly working to create more accurate predictive
models for EVs’ energy consumption [3]. An analytic investigation reported on the range
and state of electric vehicles based on different drive cycles [4]. The standardized drive
cycle plays a vital role in estimating energy consumption (NEDC, WLTP, etc.). An analytical
EV power estimation model to improve EVs’ energy efficiency was proposed [5].

2.1. Energy Management System

In the case of electric vehicles, one of the most important research areas is energy
management, particularly battery management. The energy density of batteries fundamen-
tally determines the range and performance of vehicles [6]. There are various solutions
in energy management strategies (EMSs) that help increase the range of electric vehicles,
reduce energy consumption and improve battery life [7]. These include various battery
management systems (BMSs), new energy storage solutions, regenerative braking systems,
charging optimization and V2G systems. In terms of estimating the range of electric light
commercial vehicles, we deal with battery management and regenerative braking systems.

2.1.1. Battery Management System

Batteries have long been the energy source for electric vehicles. There is currently
a lot of research into developing new types of batteries, but there are currently several
different types of batteries (e.g., lead—acid, nickel-zinc and nickel-cadmium batteries) [8],
but the lithium-ion battery is the most widespread, as it has high energy density, high
power density, relatively long life (~1000 charge—discharge cycles) and environmentally
friendly properties.

The task of a BMS is to effectively manage the battery of electric vehicles. This is
especially important, since this battery can consist of hundreds or even thousands of
individual cells, which individually or in blocks require continuous monitoring of several
parameters, the most typical of which are voltage and temperature.

The most important tasks of the BMS include the following:

e  Protection of cells and battery: The system prevents damage to batteries, such as
overcharging, overheating or the formation of reverse polarity.

e  Ensuring safe operation: The BMS ensures that batteries operate within the correct
voltage and temperature range, thereby extending their service life.

e  Monitoring and optimizing battery health: The system monitors a battery’s state of
charge (SOC) or depth of discharge (DOD), state of health (SOH) and state of function
(SOF) to ensure that it operates according to the vehicle’s needs.

Other tasks include thermal management, balancing the charge levels between indi-
vidual cells, diagnosing faults and sending appropriate signals based on data collected by
temperature sensors and other sensors. It also manages battery charging and ensures the
electromagnetic compatibility of the system. Overall, a well-functioning BMS plays a key
role in the safe and efficient operation of batteries and is essential for increasing a vehicle’s
range [9].

2.1.2. Regenerative Brake System

One of the biggest advantages of electric vehicles is kinetic energy recovery, also
known as regenerative braking, which is a braking method that uses the kinetic energy of
a vehicle to convert it into electric energy, which is recovered into a battery. In theory, a
regenerative braking system can recover a significant portion of the vehicle’s kinetic energy
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and use it to charge the battery. It is particularly effective in urban driving, where braking
and acceleration are frequent, as a certain amount of energy can be recovered with each
deceleration [10].

The integration of regenerative braking systems offers several advantages, as it signifi-
cantly improves energy efficiency by maximizing the amount of energy that can be reused
and reducing the energy loss due to heat generated by conventional brakes. In addition,
it improves the performance and sustainability of electric cars and positively affects the
driving experience. With the help of these braking systems, we can recover up to 5-8% of
the wasted energy [10]. Engine efficiency plays a significant role in the overall efficiency of
a vehicle. Nowadays, researchers are working on a new electric motor design and torque
control that ensure the motor operates with excellent efficiency across the entire speed and
torque range [11].

3. Simulation
3.1. Standard Driving Cycles

In general, vehicles, and especially electric vehicles, typically use a standardized driv-
ing cycle to determine emissions (typically in the case of ICEVs) and range. Previously, the
New European Driving Cycle (NEDC) was adopted in the European Union, but today it has
lost its validity, and manufacturers have turned to the WLTP driving cycle. WLTP stands
for Worldwide Harmonized Light Vehicles Test Procedure. It is a global standard that also
measures the fuel efficiency, emissions and electric range of vehicles. It was introduced
in the European Union in 2017 to replace its predecessor, the NEDC, because it modelled
simplified driving conditions and thus gave overly optimistic fuel consumption and emis-
sion results. In contrast, the WLTP was intended to provide real driving conditions. The
WLTP test cycle consists of four different driving phases, as illustrated in Figures 1 and 2.
The four different phases are shown by four colours: green is low, yellow is medium, red is
high and black is the very high phase.

The temperature specified by the WLTP cycle is 23 °C. The cycle reflects the real
consumption values well for urban and suburban driving at pleasant outside temperatures.
However, in the case of long-term motorway use or winter cold, the range given by the
cycle can be 10-25% lower than the originally given value. The aim of the simulation is
to estimate how the consumption value given by the WLTP changes with changes in the
outside temperature. The simulation examines two separate cases. The first is a cold day
corresponding to winter weather, where much more lighting and heating are needed. And
similarly, we examined how much the vehicle’s electricity consumption increases on a hot
summer day, where less lighting but much more AC use is needed. The simulation was
performed for the summer and winter cases. In the first case, a cold January day was taken,
where the temperature was —10 °C. In the second case, a hot summer day was considered,
when the temperature was 35 °C.

In order to simulate the vehicle’s additional electrical energy consumption, the power
of the lighting, driving support and comfort electronics of an average electric vehicle were
mapped. These are shown in the tables below, Tables 1 and 2. The main parameters of the
simulated vehicle can be found in Table 3.
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Figure 1. Speed profile of WLTP class 3b.
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Figure 2. Acceleration profile of WLTP class 3b.

Table 1. The power of the electric vehicle’s lighting systems.

Light Conv. Technology LED Technology
DRL 30-50 W 10-15 W
Beam/high beam 55/60 W 20/30 W
Position light 5-10 W 1-5W
Brake light 21 W 5-10 W
Turn light 21W 1-5W
Fog light 40/55 W 5/15W

Table 2. The power of the electric vehicle’s comfort and driver-assist systems.

Comfort Power
AC 1000-2000 W
Heater 20004000 W
Audio-video 100-300 W
Infotainment 100200 W
Lane keeping 5-15W
Blind spot monitoring 10-30 W
ACC 5-15W

EPS 500-700 W
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Table 3. Main parameters of the simulated electric vehicle.

Parameters Value
Vehicle mass () 3500 kg
Rolling resistance (f) 0.015
Tire size 205/65 R16
Area (A) 2.6 m?
Drag coeff. (Cp) 0.35
Total ratio (k¢) 10:1
Powertrain total effic. (1) 0.95

3.2. Longitudinal Vehicle Model

To estimate the electricity consumption, a simple longitudinal vehicle dynamics model
was defined that meets the speed and acceleration requirements of the WLTP cycle. The
following equation is used to determine the vehicle traction force [12]:

(Mmotorkgbﬂt> k4 1

Ry - EAPCDU%eh — mg(sina + fcosx) 1)

)\maveh =

where A: coefficient of rotational inertia; m: vehicle mass; v,,: vehicle speed; a,: vehicle
acceleration; Myotor: torque of the electric motor; kgb: ratio of the gearbox; 7;: total efficiency
of the powertrain; k;: ratio of the differential gear (k; = kg, Xky); a: angle of slope; Ry
dynamic radius of the tire.

The efficiency map used for the simulation of motor/generator operation can be seen
in Figure 3.
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Figure 3. Efficiency maps of e-motor in two modes: (a) motor mode; (b) generator mode [13].

The following two equations were used to simulate electric energy transformation
from the battery pack during motor mode and to the battery pack during recuperation. The
electric power consumption from the battery pack (in motor mode) is calculated using the
following equation:

Mmotor(n/ t) X Wmotor (n/ t)
Umotor(Mr n) X Hinverter X Nbpack

Econ = Peon(M,n) X t = X t 2)
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The electric power recuperation to the battery pack (in generator mode) is calculated
using the following equation:

Econ = Prec(M, ”) Xt= Mgen(n;t) X wgen(nrt) X ﬂgen(M; Tl) X Ninverter X Mbpack X t (3

The consumption was determined for the entire cycle, and the consumption per
100 km was determined from this. The total length of the cycle was 23,266 m. This is shown
in the following Figure 4.
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Figure 4. Estimation of electricity consumption under different circumstances in kWh /100 km.

The range estimation is shown in Figure 5. The simulation was performed with a
battery capacity of 100 kWh and with its SoC at 90%. The range calculated according to the
WLTP cycle decreases further during summer operation and decreases further in winter
when heating is required.
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Figure 5. Estimation of range in different circumstances in km.

4. Conclusions

Determining the electrical energy consumption of a vehicle is a difficult task. The
instantaneous consumption is, of course, available from the vehicle control unit (ECU),
which is a calculated value in most cases, but determining the average consumption in
advance is difficult. After all, this depends on many things: the vehicle, driver behaviour,
habits, road conditions, outside temperature, etc. That is why the so-called standard driving
cycles are used, such as the WLTP cycle, which prescribes the predefined conditions for
determining electrical energy consumption. Of course, a vehicle and its driver will not
only use their vehicle under idealized measurement conditions, but also in winter cold
and summer heat, uphill and downhill. This research aims to show that a significant
difference in electrical energy consumption compared to the standard cycle conditions can
be expected, typically in winter operation, where the vehicle and battery pack need to be
heated. This can reach a 10% reduction in range and at the same time a specific increase in
consumption of kWh/100 km relating to the WLTP.
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