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Abstract

The authors of this manuscript present the development of a braking system with friction material base
W(C-Cu coating for the electric vehicle. This manuscript follows on from the original development of
an AGV multi-disc braking system and an experimental investigation of the friction factor of WC-Cu
coatings. In addition to developing the mechanical elements and construction of the electric vehicle,
the tribological parameters of three samples of the steel substrate, the C45 with WC-Cu coating, were
investigated in the tribological laboratory. A metallic coating of the WC-Cu base was applied on the
C45 steel substrate using electro-spark deposition coating technology. The experiment used three sam-
ples with different percentage ratios of chemical elements in the coating structure. The tribometer
working on a “Ball on Plate” principle was an investigation of the friction factor of all samples during
the experiment. Subsequently, the surface of the samples was modified structure WC-Cu with laser
technology. The microhardness of modified and unmodified coatings according to the Vickers meth-
odology was investigated in the next stage. At the end of the experimental investigation, a braking
simulation was created in the programming environment of the Matlab® software, considering all
driving resistances. The researchers also focused on the simulation of heat conduction during braking
for some considered driving modes with braking on a level and with a 20% slope roadway. The sim-
ulation of heat flow was carried out in the Matlab® programming environment using the Fourier partial
differential equation for non-stationary heat conduction.

DOI: 10.30657/pea.2023.29.14

1. Introduction

Klimecka-Tatar et al. 2021). Engineers of the electric vehicles
left traditional friction braking systems controlled by hydrau-

The term electro — mobility refers to the movement of vehi-
cles using electric power or, in other words, the operation of
means of transport with an electric engine. Vehicles have been
using energy from fossil fuels to move for more than a century.
In recent years, the situation has changed (2012 — 2022), and
the automotive industry is gradually bringing more vehicles
into the automotive market with alternative drives. In the end,
even partially hybrid vehicles belong to the field of electric
mobility. About 20 years ago, the Japanese company Toyota
Motor Corporation began to develop hybrid vehicles that use
energy from fossil fuels to move, but also electric energy. To-
day, the same trend is visible in other car companies across
Europe (Staniszewska et al., 2020; Rovnia et al. 2022;
© 2023 Author(s). This is an open access article licensed

~ under the Creative Commons Attribution (CC BY)

License (https://creativecommons.org/licenses/by/ 4.0/).

lic power to the first electric vehicles. The revolution only
happened when engineers implemented a device for recuper-
ating the vehicle's kinetic energy in electric vehicles. In this
way, the engineers used energy that will lose in form heat dur-
ing braking. Special drum brakes were the first devices for re-
cuperating mechanical energy into electrical energy imple-
mented in electric vehicles. Electric vehicles initially used an
electric engine for moving only. Modern electric vehicles use
to recuperate an electric engine, which turns into an electric
power generator after stepping on the accelerator. Ultimately,
energy recovery during braking, i.e., regaining energy when
the vehicle slows down, can significantly increase the range of
an electric car.
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1.1. Electric vehicles and brake systems

As part of research and development at the Faculty of Me-
chanical Engineering was solved projects aimed at electro -
mobility. The solved projects come out from the European
clean and energy-saving vehicles strategy. The result of the
effort was the creation of a small urban two-seat vehicle called
EDISON and later EDISON |1 (Edison, 2013; Gajdac et al.,
2019; Gajdac et al., 2014). One of the main tasks of the pro-
jects was the acquisition of new scientific information and ex-
perience in the field of development, construction and opera-
tion of electric cars and their infrastructure (Mruzek et al.,
2016; Mruzek et al., 2017; Galbavy et al., 2014).

The experimental electric car EDISON 1l (Fig. 1) received
a gold medal from the non-profit organization International
Federation of Inventors' Associations (IFIA), which took
place in the Czech city of Ttinec in 2018 (FME, 2018).

.

Building on previous experience, research continued to-
wards unconventional special light electric vehicles. The idea
was born for the MODULO light electric vehicle project from
unconventional materials and with the electric drive (Kucera
etal.,2021; Madaj et al., 2020). During the development of the
experimental electric vehicle, is placed great emphasis on
modular construction. Using modularity, specifically the so-
called "BUS Modularity", can be changed from the basic as-
sembly of a module with a cargo bed variation to a module
with firefighting equipment. In this case, it is possible to create
in a short time a vehicle for exporting wood to the vineyard,
and orchards, an auxiliary vehicle for the economy, a vehicle
for rescue services and many other variants (Madaj et al.,
2020). We encounter examples daily, such as various vehicles,
machinery, PC hardware, electrical components (switchboard
components), and many others. A vehicle with an electric
drive and modular construction will primarily perform special
tasks in terrain with dirt roads, mud, and snow (Madaj et al.,
2020). The electric vehicle is built from a kit the vehicle's
drive (4WD 8000W 96V E-Car Hub) that is suitable for a total
vehicle load of under 1000 kg, with maximal speed approx. 80
—120 km/h. The MODULO experimental vehicle (Fig. 2) uses
four QS273 8000W 50H V3 electric engines with permanent
magnets, enabling kinetic energy recovery (gs-motor, 2022a).
All electric engines' power is secure with a 96V battery. (gs-
motor, 2022b).
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Fig. 2. Experimental electric vehicle MODULO CAD model (au-
thors)

The automotive industry is on the verge of a revolution, as
it is gradually moving from a hydraulic system to an electric
one, which will be in line with future vehicles (Brembo, 2022).
Brembo is very dedicated to brake-by-wire, not only for road
person vehicles but also for racing cars (Brembo, 2022). De-
velopment trends indicate that mechanical control systems
based on hydraulic energy are increasingly being omitted in
modern electric cars and replaced by energy recovery systems
(Tomasikova et al., 2017). These technological changes are
being incoming at the beginning of the coming fourth indus-
trial revolution, which is also called in some publications the
digital revolution. Ultimately, Industry 4.0 is considered a new
industrial stage that can help companies achieve higher indus-
trial performance (Narula et al., 2021). New technologies en-
able an ever-higher level of production efficiency. They also
have the potential to influence social and environmentally sus-
tainable development (Bai et al., 2020) dramatically.

There are different brake force control systems in practice,
but not all are usable in this project. For this reason, the exper-
imental electric vehicle provided a brake system with an elec-
tromechanical brake force control system. The electromechan-
ical control mechanism of the brake force is designed
according to the rules for the safety of electrical and electronic
vehicle systems (ISO 26262) (Synopsys, 2022). The brake
system primarily ensures vehicle braking in critical situations
(assistance during braking by recuperation) and, if necessary,
serves as a "bypass" in recuperation failure. For example,
Volkswagen ID.3 vehicles use brake energy recovery using
highly modern drum brakes on the rear axle (Volkswagen,
2022). The vehicle uses traditional disc brakes at the other end
(Volkswagen, 2022).

When braking a vehicle with a heavy load, a large amount
of inertial energy is generated, which still pushes the vehicle
forward during braking and should be remembered (Varecha
et al.,, 2019a; Varecha et al., 2019b). However, the experi-
mental electric vehicle's engine can work as a generator during
deceleration, simultaneously charging the battery and, at the
same time, developing a regenerative braking torque on the
axle (Qiu et al., 2018). In critical situations, braking with only
the electric engine (recuperation) is ineffective due to the in-
creased braking distance at high speed (80 km/h). This fact is
one of the several reasons why the developers of the electric
vehicle also equipped the vehicle with a braking system. Con-
trol of the braking force will not be ensured conventionally
secured (hydraulic and pneumatic control system) but by
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a mechatronic system (Tropp et al., 2017a; Tropp et al.,
2017b). Paradoxically, the hydraulic brake force control sys-
tem brings greater efficiency. However, environmental pollu-
tion may occur if the pressure oil distribution system is dam-
aged. Finally, the production of compressed oil, in the case of
compressed air, is an energy-intensive process. Saving and ef-
ficient use of energy is currently a growing trend in Europe.
The electromechanical control brake system consumes signif-
icantly less energy for its operation. Ultimately, the energy
savings that occur during vehicle operation have a direct pos-
itive effect on the vehicle's range, and, ultimately, the environ-
ment in this way is saving. The electromechanical brake force
control system is set in motion by electricity from the vehicle's
battery. The brake system is placed on the output shaft of each
electric engine (Fig. 3a) and bolted. The illustration from the
laboratory shows a realistic view of the location of the electric
engine in the space of the sheet metal disc with the tire (Fig.
3b). The vehicle has shoes on with high-quality tires designed
for rocky and hard terrain.
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Electric Engine
Fig. 3. Parametric 3D model of part of the axle and braking system

of an electric vehicle (a), the experimental electric vehicle in the la-
boratory (b) (authors)

The brake system of the experimental vehicle consists of a
cast-iron disk and brake pads with a WC — Cu coating. Re-
searchers have previously (2021) worked on a multi-disc brak-
ing system for automated guided vehicles (AGVs) with WC —
Cu coated friction discs. Porsche also tested the brake system
based on Porsche Surface Coated Brake technology on the
Cayenne model. After thousands of kilometres, the brakes of
the Porsche Cayenne test vehicles were still clean (Porsche,
2022). In parallel with the experimental investigation of the
friction factor run development of some mechanical parts of
the vehicle. The development partial results were subse-
quently published (Madaj et al., 2021) in the local journal in
the Slovak language.

2. Experimental investigation of the friction
factor of the coated substrate of C45 steel

Researchers from the Faculty of Mechanical Engineering
have many years of experience in the experimental investiga-
tion of tribological and corrosion properties of steels (Lip-
takova et al., 2017). The area of investigation is also extended
to surface topography by the Alicona device (Jambor et al.,
2020). Also, researchers are engaged in analysing the rough-
ness profile on curved surfaces (Drbul et al, 2018). The current
experimental investigation of tribological parameters
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smoothly follows from the original investigation of WC — Cu
coatings of 2020, and 2021 years, only with a modified per-
centage ratio of WC — Cu chemical elements in the structure
of the coating and a new setting of the testing time interval.
The publication (Varecha et al., 2021) published in the inter-
nationally recognised. The authors of the manuscript (Varecha
et al., 2021) state that the correct WC — Cu ratio forms the
basis for the proper functioning of the brake system. A WC —
Cu coating was applied to the surface of all samples using
electro — spark deposition (ESD) technology (Radek et al.,
2018; Konstanty et al., 2015; Radek et al., 2010; Radek et al.,
2020) (Fig. 4). Consequently, in the tribological laboratory
conducted the experimental investigation of the friction factor
of three samples of the substrate steel C45 with different WC
— Cu ratios in the coating. Subsequently, all samples' WC — Cu
coating structure with laser technology was modified. The la-
ser technology removed the rough spots (peaks), which ob-
tained a more even and smooth surface (Fig. 5).

W sy B Al

Wy

Fig. 4. Surface structure of unmodified WC — Cu coating (Varecha
et al., 2020)

Fig. 5. Surface structure of WC — Cu coating after Laser Remelting
(Varechaetal., 2021)

The exact percentage ratio of WC — Cu hard materials in the
structure of the coating and the measured hardness values ac-
cording to the Vickers methodology listed for each sample in
the table below (Tab. 1). This type of hardness test was per-
formed according to the national standard EN 1SO 6507 — 1.
After laser modification, the ESD coatings obtained a visibly
more uniform and smoother surface. Still, on the other hand,
the additional laser treatment slightly reduced the hardness of
the treated coating. The authors of publications (Varecha et
al., 2021; Kraus, 1980) also describe this claim.
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Table 1. List of WC-Cu percentage ratio and micro hardness test of all samples (authors)

Samples Coating WC Cu HV 0.5 before laser modification ~ HV 0.5 after laser modification
ESD-N0.01-2022 WC25-Cu75 25[%] 75 [%] 631[-1] 590[-1]
ESD-N0.02-2022  WC50—-Cu50 50 [%] 50 [%] 675[-1] 631[-]
ESD-N0.03-2022  WC75-Cu25  75[%] 25 [%] 651 -] 630[-]

The laser-modified (remelting) WC — Cu coatings were sub-
jected to a tribological test to investigate the friction factor for
all three samples. The experimental investigation of friction
factor went on a tribometer (Fig. 6) which worked on the prin-
ciple of a moving steel ball on the sample's surface with a slid-
ing distance of 50 mm. The weight acting on the steel ball cre-
ated the normal force which acts on the tribological pair during
the experiment. The tribological test was carried out in the la-
boratory under atmospheric conditions without lubrication.
The speed of the moving steel ball on the surface sample had
a sinusoidal curve in the v =0to 20 mm/s.

Fig. 6. Tribometer in laboratory (authors)

The laser-modified WC-Cu coating has a uniform surface
structure but slightly lower micro-hardness than the unmodi-
fied WC-Cu coating. After modifying the surface with a laser,
the micro-hardness decreased from 3.2 to 6.5%, but these val-
ues are acceptable, and the substrate of steel C45 coated in this
way can use in the brake system. The experimental investiga-
tion of friction factors is discrete into two stages. The first
stage lasted 1,000 seconds (16.67 minutes) and done into two
stress phases. The first phase of the experimental investigation
is samples loaded with a value of 1 N. It can see from the dia-
gram that a larger ratio of tungsten carbide (WC) in the struc-
ture of the coating causes an irregular, oscillating curve (Fig.
7).

The coating structure with a higher proportion of copper
(75%) shows a highest friction factor of all three samples that
load with 1 N. However, the higher concentration of copper
(Cu) in the coating structure causes soft places, as seen in the
following diagrams (Fig. 8 — 9). The high tungsten carbide
(WC) content reduces the friction factor, which manifests in
the irregular and rough curve (Fig. 7).
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Fig. 7. The tribological pair loaded with 1 N, distance 100 meters
(authors)

In the second phase of the experimental investigation, all
samples loaded are with a force of 5 N. As can be seen from
the diagram (Fig. 8), a higher load revealed soft spots in the
structure of the WC25 — Cu75 coating. Around the middle of
the test (500 seconds), there was a decrease in the friction fac-
tor, which ultimately caused a fluctuating and rough course of
the curve of friction factor. The little, bigger load force (5 N)
during the test revealed that the coating structure with a higher
proportion of tungsten carbide (WC) has a higher micro-hard-
ness. The rough and fluctuating course of the friction factor of
the sample WC75 — Cu25 by the greater microhardness is
caused (Fig. 8). The uniformly distributed ratio of WC — Cu
hard materials in the structure of the coating manifested itself
in a clear and smooth course with an almost constant friction
factor (Fig. 8). A similar friction factor result can also be seen
at the sample loaded with 1 N (Fig. 7). In the last stage of the
experimental investigation, the last three WC — Cu coatings
are subject to friction factor investigation in the longest time
interval of 5000 seconds (83.33 minutes).

In the long-term phase of the experimental investigation of
the friction factor (Fig. 9) is observed similar course of the
friction factor as in the first short stage. As observed in the
previous diagrams, a larger proportion of copper in the WC -
Cu coating structure increases the friction factor. However, the
coating is softer and prone to more wear and tear. The result
is an oscillating waveform in the shape of a ridge. Conversely,
a higher ratio of tungsten carbide causes a coarse and unyield-
ing structure with a low or decreasing friction factor (Fig. 9).
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Fig. 8. The tribological pair loaded with 5 N, distance 100 meters
(authors)
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Fig. 9. The tribological pair loaded with 10 N, distance 500 meters
(authors)

The last diagram in the sequence shows the friction factor's
dependence at the experiment's time (Fig. 10) for three WC50
— Cu50 coating samples with a uniformly distributed ratio of
chemical elements in the coating structure.

Load 1N - 5N - 10N, Route 100 meters

0.9
08 | Friction factor ~ 0.74
0.7 [Friction factor ~ 0.66
Zos
S
8os
c
o
T o4
fra
0.3
0.2
———WC50 - Cu50 [Laser modified], Load - 1N
0.1 ———WC50 - Cu50 [Laser modified], Load - 5N |
WC50 - Cu50 [Laser modified], Load - 10N
¢ 0 100 200 300 400 500 600 700 800 900 1000
Time (s)
Fig. 10. Results of the tribological pair, size load of 1 until 10 N
(authors)
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The three curves present the different courses of the friction
factor obtained during the tribological experiment. Loaded
every sample with a different normal force corresponding to 1
N, 5 N to 10 N. Turing the evaluation of three coated WC —
Cu modified samples, a decrease in the value of the friction
factor is visible as the force increases. Between the load of 1
N and 10 N was observed, a decrease in the friction factor of
10.8%. It is also necessary to point out that the value of the
friction factor was almost identical with a load of 5 N to 10 N.
Researchers assume that by increasing the load (normal force),
the value of the friction factor should not fall below 0.6 (Fig.
10).

The friction factor (f) results describe table below (Tab. 2).
The friction factor's arithmetic means were calculated (Eg. 1)
from the measured tribological data set of three samples with
laser-modified WC — Cu coating. Loading every mentioned
sample's normal force was during the tribological test differ-

ent.
_ X1H+Xp+X3.4+Xp

_ 1
F=—X T x = -] €
Table 2. Arithmetic mean of friction factor for three loads of nor-
mal force (authors)

n

Samples Load 1 [N] Load 5[N] Load 10 [N]
ESD-No0.01-2022 0,77 [-] 0,72[-] 0,70 -]
ESD-N0.02-2022 0741 -1 067[-1] 0,66[-1]
ESD-N0.03-2022 0,70[-] 0,71[-] 0,63[-1]

3. Simulation of braking electric vehicle
MODULO

Researchers determined the basic design and operating pa-
rameters of the MODULO experimental electric vehicle at the
beginning of its development. The electric vehicle is designed
for operation in different areas of the region. Therefore, it will
drive in three modes limited by the maximum speed (Tab. 3).

Table 3. Basic structural and operational parametric of electric ve-
hicle (authors)

Weight of elec-

tric vehicle Maximal
i Drive Mode Rise /
(Including Sy
driver & cargo) p
TRIP RACE MUD
— 0,
s sokmh 50kmh  30kmh O 20%

It is known from practice that it is impossible to drive at high
speed in every terrain. Researchers set speed limits, which are
listed table below (Tab. 4). The electric vehicle MODULO
uses four electric engines to move, which can provide the ve-
hicle with a speed of up to 120 km/h. However, for design,
operational and safety reasons, the vehicle's speed limit in the
"TRIP" driving mode was set at a maximum speed of 80 km/h
and only for driving on a quality asphalt road. The "RACE"
driving mode is speed lowered to 50 km/h due to the terrain in
which the vehicle moves. The last "MUD" driving mode is
typical of the speed limit set to 30 km/h. Drive on the "TRIP"
driving mode is recommended on a quality asphalt roadway.
The vehicle can drive in "RACE" mode, in addition to a high-
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quality asphalt roadway, on an unpaved dry dirt road and
grassy terrain. In the last "MUD" driving mode, the vehicle
can drive in light mud or on loose snow. The "MUD" driving
mode can also be allowed for driving on the roadways /terrains
mentioned above.

Table 4. Speed limits of driving modes for the considered area of
the region (authors)

Type of terrain and coefficient Speed of electric vehicle

of rolling resistance roadway 39 km/h 50 km/h 80 km/h

Asphalt roadway (R; = 0.01) 4} 4} 7}
Dry dirt road (R, = 0.04) o4} o4} N/A
Grassy terrain (R = 0.08) o4} o4} N/A

Loose snow/Mud (R,; = 0.2) 4} N/A N/A

The electric car is driven primarily by electric engines,
which are used for moving the vehicle and secondarily for
braking by recuperating kinetic energy into electrical energy.
Recuperation ensures the slowing down or complete braking
of the electric vehicle. During the development of the electric
vehicle, researchers considered various brake systems. Fi-
nally, was chose a brake system with a brake disc. The brake
system comprises a cast iron disc and two steel brake pads
within WC — Cu coating. The cast iron disc's structural and
thermal parameters state in the table below (Tab. 5).

Table 5. Structural and thermal parameters of cast iron disc (au-
thors)

Young's  Pois- Isotropic Higi%gﬁ_
Description  Modu- son's Thermal Con-
. - stant Pres-
lus Ratio ductivity
sure
1l.1le+11  0.28 o 447
Value [Pa] [MPa] 52 [Wimx°C] [/kgx°C]

The braking simulation was created in Matlab® computer
software using Newton's motion equations (Egs. 2 - 4) with
the implementation of all driving resistances (Eqgs. 5 - 8) that
affect the MODULO electric vehicle while driving.

F, m
v(t) = — 22t vy [—]
m S

)

FBrake

s(t)=—mxt2+voxt+so;[m] 3
_ FBrake m
a=— m B [S_Z] (4)

where: v(t) is final velocity in time [m/s], Ft is maximum trac-
tive effort [N], Ferake is total brake force [N]. m is vehicle mass,
tis time [s], vois initial velocity of vehicle [m/s], s(t) is final
braking route [m], so is initial location [m], a is deceleration
[m/s?].

The first resistance is the rolling resistance (Eq. 5). This re-
sistance is directly dependent on the weight of the MODULO
electric vehicle. Also, the tires affect the value of the rolling
resistance, mainly the contact with the roadway. It should also
note that the value of the rolling resistance changes slightly
depending on the vehicle's speed.

Ry =W X (. X cos(0); [N] ®)
where: W is vehicle weight [kg], Cr is coefficient of rolling
resistance roadway [-] a 0 is slope/grade roadway [°]. Aerody-

namic resistance is the second resistance that acts on an elec-
tric vehicle during driving (Eq. 6).

where: pair iS air destiny [kg/m3], Cq is coefficient of drag [-],
A is projected frontal area [m?], V is speed of the vehicle

(headwind velocity) [m/s]. The vehicle during driving over-
comes a maximum rise/slope from 0 to 20% (Eq. 7).

Ry =W X sin(8) ; [N] @)
where: Ry is grade resistance, 0 is slope roadway [°]. Ulti-
mately, the resulting braking force is the sum of all the men-
tioned resistances, including the force induced by the braking

system (EqQ. 8). For driving at a constant speed, the accelera-
tion resistance R, will be zero.

Ft:FBrake+er+Ra+Rg+Rl; [N] (8)

According to the specified operating parameters, calculated
the results of driving resistances for individual driving modes
were in the Matlab® programming software (Tab. 6).

Table 6. Results of driving resistance acting on the vehicle during driving (authors)

Coefficient of Road Rolling resistance Crr [-]
Speed of vehicle

Grade Resistance Rq [N]
Aerodynamic Re-

[km/h] 0.01 0_-04 _ 0.08 0.2 sistance Ra [N] 0 [%] 10 [%] 20 [%]
Rolling resistance Rr [N]
30 69.8
50 68.7 274.7 549.4 13734 193.9 0 -14215 -2 005.2
80 496.5

Driving resistances that act against a moving electric vehicle
consume part of the energy of the electric engine and affect
the vehicle's final braking distance. The following table
(Tab.7) presents the braking distance results for a vehicle
braked on a level roadway.

ARCHIWUM INZYNIERII PRODUKCJI

The braking distance extends when the vehicle is braking
down the slope. In this case, the electric vehicle braked on the
roadway with a 10% slope. Results of the braking simulation
have listed in the table below (Tab.8).
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Table 7. The braking distance of the electric vehicle when braking
on a level roadway (authors)

Road slope 0% - Driving on the flat and total braking route [m]

Speed of vehicle 30 km/h 50 km/h 80 km/h
Asphalt roadway 4.71m 13.06 m 32.35m
Dry dirt road 453 m 1256 m N/A
Grassy terrain 4.30m N/A N/A

Loose snow / Mud 3.76 m N/A N/A

Table 8. The braking distance of the electric vehicle when driving
on roadway with a 10% slope (authors)

Road slope 10% Descending of the road and total braking route [m]

Speed of vehicle 30 km/h 50 km/h 80 km/h
Asphalt roadway 6.53 m 18.00 m 4410 m
Dry dirt road 6.10 m 17.07m N/A
Grassy terrain 578 m N/A N/A

Loose snow / Mud 4.82m N/A N/A

The last table (Tab. 9) presents the results of the braking
distance for a vehicle that braked on the roadway with a 20%
slope. The results of the braking simulation show, that the
speed limits for the electric vehicle set by the developers are
necessary. The results of the braking simulation are also pre-
sented graphically in the next chapter.

Table 9. The braking distance of the electric vehicle when driving
on roadway with a 20% slope (authors)

Road slope 20% Descending of the road and total braking route [m]

Speed of vehicle 30 km/h 50 km/h 80 km/h
Asphalt roadway 7.76 m 21.30m 51.89m
Dry dirt road 7.28m 20.00 m N/A
Grassy terrain 6.72m N/A N/A

Loose snow / Mud 5.46 m N/A N/A

4. Simulation of Braking and Heat Flow
of the Braking System During Braking

The speed of the MODULO electric vehicle is limited to
three driving modes. Due to very much numerical data was
prepared in the programming environment of the software
MATLAB, only the braking simulation of the second (RACE,
Vmax = 50 km/h) and third driving modes (TRIP, Vmax = 80
km/h). At the start of the braking simulation, driving mode
"RACE" is divided into two stages. The first stage of the sim-
ulation is to investigate the braking route of the vehicle on a
flat dirt road with a speed of 50 km/h, and in the second stage
braking route of the vehicle on a dirt road with 20% slope. The
braking distance of the electric vehicle on a flat dirt road in
this driving mode is 12.56 m (Fig.11). The braking distance of
a vehicle driving on a dirt road with a slope of 20% increased
t0 20.0 m (Fig.12), which is 58.7% increase compared to brak-
ing on a flat dirt road. In other words, a vehicle driving on a
dirt road with a 20% slope during braking will cover 7.44 m
more distance with a longer braking time of 1.1 seconds.
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Fig. 12. The simulation of vehicle braking from a speed of 50 Km/h
during a 20% slope of a dirt road (authors)

In the programming environment of the Matlab software
was prepared simulation of the heat flow in the braking system
during the one-time braking of the electric vehicle with think
two driving modes. The mechanical energy during braking is
changed into thermal energy (Kraus, 1980). The computa-
tional software Matlab® uses the Fourier partial differential
equation for non-stationary heat conduction for temperature
profile calculation (Eq. 9, Appendix A) (Kruas, 1980; Sie-
dlecka, 2019; Spatek, 2018). The issue of the Fourier theory is
well-described authors of the publication (Wolf, 1979).

During the simulation of het flow in the brake system of the
electric vehicle with a driving speed of 50 km/h on a flat dirt
road and own weighing 700 kg produced the temperature on
the surface of the brake disc to almost 60 °C during braking
(Fig. 13). From the diagram, you can see a large increase in
temperature in a short time in the area of contact between the
brake disc and the brake pad with a WC - CU coating. A dif-
ferent result of the temperature profile is visible when braking
an electric vehicle on the same terrain with only a 20% slope
of dirt road. The braking distance has extended during braking
on a dirt road with 20% slope, resulting in a long time of act
frictional between the brake pad and brake disc. The simula-
tion found that the maximum temperature during braking in
the contact between the brake disk and the brake plate is 50°C
(Fig. 14). However, the temperature in the brake system in-
creased gradually during braking, as illustrated in the diagram
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(Fig. 14), which has a shallower temperature profile. The
brake disc absorbed more heat in this driving mode during
braking.
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Fig. 13. Temperature profile during braking from 50 km/h speed on
a flat dirt road (authors)

The electric vehicle's driving in the third driving mode was
set at a speed of 80 km/h and reserved only for high-quality
asphalt roadways. The designers carefully considered this de-
cision also, given the strict regulations and laws on road traffic
in the Slovak Republic, including the regulations of the Euro-
pean Union. It is known from practice that the braking dis-
tance increases with increasing speed. In this case, too, the
braking simulation showed that a vehicle driving on a flat as-
phalt roadway at a speed of 80 km/h and with an own weight
of 700 kg increased the resulting braking distance to 32.35 m
(Fig. 15). The electric vehicle braking on an asphalt roadway
with a slope of 20% has the braking distance extended by
19.54 m to a value of 51.89 m (Fig. 16).
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Fig. 14. Temperature profile during braking from a speed of 50
km/h during a 20% slope of a dirt road (authors)
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In this case, it is a 60.4% increase in braking distance com-
pared to braking on an ideally flat road without descent. In this
case, the braking time increased by 1.8 seconds, representing
a 61.8% increase compared to the braking time of the vehicle
on the level roadway. Ultimately, for the designer of brake
systems, the vehicle's braking distance is an authoritative fig-
ure, according to which it is possible to evaluate the overall
performance and efficiency of the brake system. When the
electric vehicle braked from a speed of 80 km/h manifested
greater Kinetic energy in a significantly longer braking dis-
tance. The temperature in the contact between the brake pad
and the brake disc increased significantly, and the brake disc
absorbed greater heat. Also, the braking system produces more
heat than in the driving mode of "RACE" with a speed of 50
km/h.

Simulation of Braking, WC - Cu Pad, 80 km/h, Crr =0.01, Road slope 0 %
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Fig. 15. The simulation of vehicle braking from a speed of 80 km/h
on a flat roadway (authors)
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Fig. 16. The simulation of vehicle braking from a speed of 80 km/h
on a flat roadway (authors)

The brake system absorbed a greater quantity of heat during
braking of the "TRIP" driving mode. During the braking of the
vehicle in the "TRIP" mode from a speed of 80 km/h on a flat
asphalt roadway, a temperature of over 300 °C arose in the
contact between the brake disc and the brake pad with WC -
Cu coating (Fig. 17). From the diagram, you can see a sharp
rising wave of the temperature profile, which after braking
starts to drop down quickly.
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Fig. 17. Temperature profile during braking from 80 km/h speed on
a flat asphalt roadway (authors)

The result of the simulation of heat flow in the braking sys-
tem of an electric braking vehicle driven with a speed of 80
km/h on an asphalt roadway with a 20% slope indicated a dif-
ferent result of a temperature profile (Fig. 18).

The braking time is extended by 1.8 seconds in this case,
and this caused the brake disc to absorb heat over a relatively
long time. The temperature at the contact between the brake
disc and the brake pad is relatively lower (~ 250 °C) as the
first case (Fig. 17). However, the diagram shows that the brake
disc absorbed the significantly biggest amount of heat into the
brake disc.
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Fig. 18. Temperature profile during braking from a speed of 80
km/h during a 20% slope of a dirt roadway (authors)
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5. Conclusion and Discussion

Developing a modular electric vehicle represents a set of
complex processes and research activities necessary for devel-
oping electric vehicles. One of the important parts of any ve-
hicle is the functional and effective brake system. In the 21st
century, several types of brake system constructions are avail-
able. A Very important chapter in the area of brake systems
represents brake materials. From practice are mainly known
as sintered brake materials based on metal powder. Also, are
used organic and metal-ceramic friction materials. The brak-
ing system of the car company Porsche, which developed
a brake system based on the Porsche Surface Coated Brake
(PSCB) technology, inspired mechanical engineering re-
searchers of multi-brake system with WC — Cu coating already
in the past. In the tribological laboratory (2020 — 2021) exper-
iment with WC — Cu coatings was launched for this reason.
The Faculty of Mechanical Engineering researchers were
looking for the correct percentage ratio of chemical elements
WC — Cu, which would have a friction factor with a linear
course and with resistance to wear and excellent long service
life. The multi-brake of automated guided vehicles (AGVSs)
system was developed based on the experimental investigation
of the friction factor. The issues of producing new materials
based on WC and Cu and searching for their applications are
still current topics for many researchers (Dias et al., 2018;
Tejado et al., 2018). Copper is a corrosion-resistant material
with high thermal conductivity. In addition, as a coating ma-
terial, it reduces residual (tensile) deformations and improves
adhesion (Radek et al., 2009; Zhao et al., 2004). The research
has nowadays extended to experimental investigation of the
friction factor of brake pads with WC — Cu coating for the
braking system of the modular electric vehicle. Subsequently,
a new experimental investigation of the friction factor of WC
— Cu coatings took place in the tribological laboratory by ap-
plying new boundary conditions. The change occurred in the
percentage composition of chemical elements WC — Cu in the
coating structure and the experimental investigation stage, di-
vided into two distances of 100 and 500 meters. From a long-
term experimental investigation (500 meters), it is clear that
the WC50 — Cu50 combination has the most stable course of
the friction factor. This fact is best seen in Figure 8, while one
more very important data is visible, namely, the total value of
the friction factor. During a load of 1 N, the value of the fric-
tion factor is the largest (f ~ 0.74), but with subsequent loads
of 5and 10 N, the friction factor slightly decreased and stabi-
lized at the value of f ~ 0.66. The researchers conducted the
experimental investigation of the friction factor several times
in the tribology laboratory, and the results were always in the
range from f ~ 0.6 to 0.78. It is also necessary to point out that
the stated values of the friction factor apply only to the WC50
— Cu50 combination. It should note that current experimental
research of friction factor WC — Cu coating confirmed the re-
sults also measured in the tribological laboratory during the
AGV lamellar brake system project from 2020 to 2021. It is
supposed that the value of the friction factor should not fall
below the value of 0.6 by increasing the load (Normal Force).
The statement that a value of friction factor does not fall below
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0.6 will confirm or refute by experimental testing in terrain
only. Of course, the developers are also interested in the ser-
vice life brake system. This parameter is reviewable only at
the vehicle in a test operation.

When researching and developing new braking systems for
electric cars, it is necessary to focus on computer modelling,
braking simulation and testing new brake systems before pro-
duction or possibly subsequent operation. For objective and
safety reasons, the developers of the electric vehicle specified
three driving modes, which define the maximal speed limit of
the vehicle. The choice of driving modes was the right step
from the side of the researchers because the vehicle is ready to
drive off-road with a 20% slope roadway. The simulation of
the braking system was done in the programming environment
of the Matlab® software using Newton's equations of motion.
Braking simulation found that when braking on a dry dirt road
with a 20% slope, the braking distance increases significantly
at speeds above 50 km/h.

In the last stage of the development of the brake system, the
developers also focused on the simulation of the heat flow in
the brake system with a WC — Cu friction pad. The heat flow
simulation was created in a programming environment
MATLAB using the Fourier partial differential equation for
non-stationary heat conduction. The results of the heat flow
simulation present the progress of the temperature profile that
arises in the contact between the WC — Cu brake pad and the
cast iron disc during a single depression of the brake pedal.
During the heat flow simulation, an extreme case occurred
when braking the electric vehicle in "TRIP" driving mode on
a 20% slope roadway. Even when braking on a flat roadway.
In this case, the temperature rose to 250 to 300 °C at the fric-
tion contact between the brake pad and disc. However, it
should note that the monitored temperature of 300 °C is stand-
ard during braking under the mentioned operating conditions
and is the same on all four brake discs' surfaces.

The developers plan to verify the results from the braking
simulation in individual driving modes after the final assem-
bly of the electric vehicle verify in practice. Researchers will
prepare the experimental testing shortly in section terrain. The
field research study will also focus on the heat generated dur-
ing braking. Developers are also interested in the temperature
profile after repeated braking of the braking system.

The MODULO project is a current topic due to its focus and
insight into the issue of mobility in various terrains of the re-
gion with the use of the electric drive. The emphasis on the
research part in the field of braking systems is clear due to the
safety of the electric vehicle. Outputs from ongoing research
activities provide the basis for further development, simula-
tions, experiments, testing and prototype electric vehicle im-
plementation.

In conclusion, the authors of the manuscript would like to
emphasize that the comprehensive implementation of research
activities in the use of non-conventional vehicle drives enables
cooperation in the development activities of organizations
forming part of the e-mobility platform and cooperation in the
creation of legislative changes.
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