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Abstract—Nowadays, electric vehicles have become an 

important area because of air pollution, increasing use of 

renewable energy sources and being exhausted of oil fuels. In our 

country even the usage of electrical vehicles is not widespread 

nowadays, but also very popular and it is thought that it will 

increase. In this area, new studies and projects appear 

continuously Real systems are moving systems and it is difficult 

and expensive to evaluate by electrical vehicles; therefore an 

experiment mechanism has been created. In this study two fixed 

magnet synchronous hub motors have been used as wheels and the 

other one as load. In order to find the speed of the wheel, load value 

and coefficient of friction related to sliding, Burckhardt model has 

been used and the results obtained with different speed and road 

conditions have been presented here. 
 

Index Terms— HUB Motor, Electric vehicles, Burckhardt 

model, Slip Ratio, Friction Coefficient 

 

I. INTRODUCTION 

OWADAYS, productivity and saving of energy subjects 
have become very important because of pollution, 

decreasing amount of petroleum and energy problems. Natural 
gas, water and oil are very important energy resources. If we 
consider our lands geographically, water is our most important 
energy resources. However, it is a fact that the earth is balance 
has been damaged because of global warming and if 
precautions have not been take earth will face to face with 
drought [1]. The most important problem is that oil is not an 
external energy resource and it will be exhausted in a short time 
[2]. The idea of moving reliable, effective and environment-
friendly electrical energy vehicles with electrical motors can be 
thought as the starting point of electrical vehicles [3].  

In the history, Improving first electrical vehicles have 
started in 1835 and electrical railway has been produced in 1835 
and electrical railway has been produced in 1835. Lead acid 
batteries have been improved in 1859 and then their usage at 
the electrical vehicles have been become an important transition 
point [4].  
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Worries about pollution and oil prices have caused the 
automotive industry is improving electrical vehicles rapidly. 

The structure of electrical vehicle is composed of inverter 
circuit which has been made up for power switching 
components, batteries group as energy storage part, control 
systems and mechanic power transmission system. Electrical 
vehicles have made advantages than classical cars, with 
internal-combustion engines because of not producing waste 
gases and not using motor oils, being environment friendly, not 
needing gearbox, winning back the energy at the time of 
braking and running silently. However, electrical vehicle 
cannot take place of a gasoline car because of having heavy, 
bulky car batteries, limited capacities, long time of filling and 
having bad proportions of power-weight and power/volume of 
electrical motors. Also control of electrical vehicles is a very 
important point of security. A complete modelling should be 
made for a wide control. Possible conditions should be taken 
into consideration. In this study, an experiment mechanism 
consisting by two hub motors has been designed in order to 
model electrical vehicles. One of the hub motors used at the 
mechanism has been chosen a wheel of the vehicle and the other 
one as the load. Because the road load, which has been applied 
according to the road conditions, has changed, in order to find 
wheel speed and load value, Burckhardt Model [5] has been 
used  for using the motors at the experimental mechanism, 
results reference values of the different speed and road 
condition have been shown. 

 

II. HUB MOTORS 

Hub motors are electrical motors assembled at the central 
of wheel of the vehicle and they can revolve the wheel directly. 
These motors have took place at the electrical bicycles, ATV’s 
and electrical vehicles mostly. Four wheels driving by an 
electrical motor is a widely used method at the hybrid vehicles. 
However, four wheels driving by an electrical motor has 
caused some advantages and disadvantages.  The most 
important advantage is increasing of energy productivity. 
There should be a lot of power train in order to transfer kinetic 
energy to the wheels by a central motor, on the other hand, 
wheel motors provides to avoid losses created by this power 
train. Because it is not necessary to have differential gear, drive 
shafts, provides decreasing of vehicle weight. Also having 
control of each motors independently provides the usage of 
algorithms easily as traction control system. On the other hand, 
because of motors fitted in the wheel causes increasing of 
weight of wheel, convenience of driving can be decreased. In 
such motors, wheel shaft is directly linked to the motor. 
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Because of there is not a physical mediator at the time of power 
transfer, productivity is high at this motors. The stable 
windings in the motor create a specific electromagnetic field. 
Wheel shaft starts to turn with the effect of this electromagnetic 
field [6]. Electric motors have their greatest torque at startup, 
making them ideal for vehicles as they need the most torque at 
startup too. 

Hub motor electromagnetic fields are supplied to the 

stationary windings of the motor. The outer part of the motor 

follows, or tries to follow, those fields, turning the attached 

wheel. In a brushed motor, energy is transferred by brushes 

contacting the rotating shaft of the motor. Energy is transferred 

in a brushless motor electronically, eliminating physical 

contact between stationary and moving parts. 

Although brushless motor technology is more expensive, most 

are more efficient and longer-lasting than brushed motor 

systems.  

Hub motor are typically brushless motors (sometimes 

called brushless direct current motors or BLDC), which 

replace the commutator and brushes with half-a-dozen or more 

separate coils and an electronic circuit. The circuit switches the 

power on and off in the coils in turn creating forces in each one 

that make the motor spin. Since the brushes press against the 

axle of a normal motor, they introduce friction, slow it down, 

make a certain amount of noise, and waste energy. That's why 

brushless motors are often more efficient, especially at low 

speeds 

 
The outer-rotation hub motor systems are type of motors 

that have capacity of producing high torque at the low speed 
space. Because the machine torque changed directly 
proportional according to the machine’s diameter’s square, 
need of high moment can be overcome by using high diameter.  
Permanent- magnet synchronous hub motor that we used at the 
system has 48V and the motors can produce 1kW of power. 

 

III. TRACTION CONTROL OF 

ELECTRICAL VEHICLES 

The most important and disadvantageous side of mechanic 

differential gear which take part at the cars using daily life  is 

surely that when one of the wheels cannot  hold the road and a 

result skidding and cannot transfer power to the other wheel.  

At the two motor vehicles, subject of this study, one of the 

wheel can produce power independently from the other one. 

So, one of the wheels has been on the ice or snow surface, 

doesn’t obstruct the vehicle’s moving. At the motors which are 

used, torque control can be done by current control [7]. 
Antislip control and slip ratio control in an electric 

vehicle have the benefit of improving the driving stability 

of a vehicle on a low road. However, problems arise in 
coordination with the accelerator, including difficulty in 
switching between traction control and torque control with 
the accelerator without creating abrupt changes in the driving 
force, and the inability to obtain an arbitrary driving 
torque even though a large driving force can be obtained by 
slip ratio control [8,9]. 

Maximum value of torque applied on the wheels at the low 
friction surfaces is not related to the power of motor but related 
to holding of the wheel to the surface. The main two factors are 
total vehicle weight of each wheel and friction coefficient of 
between the surface and the wheel [10, 11, 12, 13]. 

In order to create a force of wheel at the surface of the road 
and the moving direction, it should a bit slip. According to this, 
a wheel transferor and drive effort, it turns more than the needs 
of the road that go through. Similarly, it will turn less than the 
needs of the road that go through. Friction torque is connected 
to the condition of the wheel and the road as well as the load 
amount and drive force. In order to move of the vehicle, the 
power produced by motor should overcome the amount of road 
load. In a vehicle, Slip ratio is the proportion of the difference 
between the velocity of wheel and the actual velocity of vehicle 
to the velocity of wheel [14, 15]. 

The wheel slip ratio, which is defined as  

 

s =
ω. r − VX

ω. r
 ,         for driving                                          (1) 

 

s =
VX − ω. r

VX
,           for braking                                        (2) 

 

where r is the wheel radius, ω is the wheel angular velocity, 𝑉𝑋 
is the actual velocity of vehicle. 

As shown in Figure 1, a tire-road longitudinal friction 
coefficient µ is defined through the ratio between the traction 
force and the normal force.  

 µ =
Fx

Fn
                                                                                          (3)  

  

 Fx =  µ Fn                                                                                     (4) 

 

where Fx is the traction force and Fn is the the normal force as 
shown in figure 1, wheel model of  a vehicle has been shown. 
This friction coefficient depends on various factors, including 
the type of tire, the tire air pressure, the road condition, the 
normal forces [16]. In several works, the friction coefficient is 
modeled through semi-empirical formulas, which reproduce the 
steady-state wheel behavior.  Usually, vehicles travel through 
variable road conditions; therefore, the results of empirical 
formulas may not represent the physical model with sufficient 
fidelity [16,17].  

In traction control, it is necessary to consider the dynamic 
behavior of the friction coefficient to control the traction forces 
with a dynamic response that is fast enough to avoid the loss of 
traction (skidding). Wheel model of a vehicle is shown in 
Figure 2. 
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Fig.1.  One wheel model of a vehicle 

This friction coefficient depends on various factors, 
including the type of tire, the tire air pressure, the road 
condition, the normal forces.  

In order to calculate the force of the wheel transferred at the 
road, a tire model has been used. At the input of this model, 
normal force of the tire, torque of the axle shaft  and vehicle 
speed have been found, at the output, angular speed of the tire, 
torque and force applied on the road can be found. In order to 
calculate the force of the tires applied on the road, tires model 
is being used. Mostly used type models Magic Formula [18], 
Burckhardt models are used at modelling of tires. In this paper 
the Burckhardt model [5,19] will be used, as it is particularly 
suitable for analytical purpose while retaining a good degree of 
accuracy in the description of the friction coefficient. 

Based on Burckhardt model, the velocity dependent braking 
effort coefficient between the tire and the road has the following 
form 

 

µ ( 𝑠, 𝑣) = [𝐶1  (1 − 𝑒
−𝐶2𝑠

 ) − 𝐶3 𝑠]𝑒
−𝐶4𝑠𝑣

                              (4) 

 

Where C1 is the maximum value of friction curve; C2 is the 
friction curve shape; C3 is the friction curve difference between 
the maximum value and the value at λ = 1; and C4 is wetness 
characteristic value. By changing the values of parameters C1–
C4, many different tire-road friction conditions can be 
modeled. The parameters for different road surfaces are listed 
in Table 1 

TABLE I 
TIRE-ROAD FRICTION PARAMETERS. 

Surface Conditions C1 C2 C3 C4 

Dry asphalt 1.029 17.16 0.523 0.03 

Dry concrete 1.197 25.168 0.5373 0.03 

Snow 0.1946 94.129 0.0646 0.03 

Ice 0.05 306.39 0 0.03 

IV. EXPERIMENTAL SETUP DESIGN AND 

RESULTS 

  
In the systems, as the main metal is low carbonic structure 

steel at the quality of St 37.2, strap and two hub motors have 
been used. An experiment mechanism has been completed in 
order to transfer simulation works done at the computer 
environment to the practice. Longitudinal force of the tire 
applied on the road has been accepted as load. There are two 
hub motors at the experiment mechanism. Secondary hub 
motor will be used for load. Driving system of hub motor has 
been formed by inverter, digital signal processing and position 
sensor. According to the information of rotor position 
knowledge of location position, digital signal processing 
determines the phase for giving energy and switching are done.  
For stable torque production, these processes should be 
completed at the same time with the rotor position. Because 
real systems are moving systems and it is difficult and 
expensive to complete measurements at the electrical vehicles, 
experiment mechanism has been created for modelling 
electrical vehicles. Experimental setup is illustrated in Figure 
2. 

 

 

 
 

Fig 2. Experimental Setup 

 

In this study, graphics of the friction coefficient and slip 
ratio as depend on vehicle speed is shown following. When 
speed increases friction coefficient connected with slip ratio 
decreases. This simulation was conducted on four road surface 
states dry asphalt (green), dry concrete (blue), snow (red),  ice 
(turquois). In Figure 3, the shapes of slip ratio-friction 
coefficient for four different road conditions with a vehicle 
speed of 10 m/s are illustrated. 
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Fig 3. Slip ratio -friction coefficient graphics for different road conditions with 

a vehicle speed of 10 m/s 

 

In Figure 4, the shapes of slip ratio-friction coefficient for 
four different road conditions with a vehicle velocity of 30 m/s 
are illustrated. 

 

Fig 4. Slip ratio-friction coefficient graphics for different road conditions with 

a vehicle velocity of 30 m/s 
 

At the Figure 3 and Figure 4, Slip ratio-friction coefficients 
for different road conditions, at the speed of 10 m/s and 30 m/s, 
by using Burckhardt model have been displayed. As speed and 
slip ratio increases, friction coefficient decreases. When a tire 
is locked, the braking effort coefficient falls to its sliding value. 
As a result, the vehicle will lose directional control and stability. 

Slip ratio has been given as the shape of trapeze and change 
of wheel speed has been illustrated in Figure 5. 

 

Fig 5 Angular speed of the wheel graphics when slip in the shape of trapeze 
with vehicle speed of 10 m/s 

Slip ratio has been given as the shape of trapeze and change 
of wheel speed has been illustrated in Figure 6. 

 

Fig 6. Angular speed of the wheel graphics when slip in the shape of trapeze  
with vehicle speed of 20 m/s 

 

Fig 7.  Friction coefficient- Slip Ratio Curve of vehicle speed 10 m/s 
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The model between the friction coefficient µ and slip ratio at 
the vehicle speed of 10 m/s is shown in Figure 7. 

At figure 8 and figure 9, Slip has been given in the shape of 
trapeze and connected to the vehicle speed, wheel speed curves 
have been shown.  Wheel speed was estimated using the slip 
chances between -1 to 1.  

 

Fig 8.  Dry asphalt road’s coefficient of friction graphics when slip in the shape 
of trapeze at vehicle velocity of 10 m/s   

 

 

Fig 9.  Dry asphalt road’s coefficient of friction graphics when slip in the shape 
of trapeze at vehicle velocity of 20 m/s   

 

At figure 8 and figure 9, when slip changes between -1 and 1, 
in the shape of trapeze, at the dry asphalt road, speed of 10 m/s 
and 20 m/s, friction coefficients have been shown. This effects 
longitudinal force of wheel and as a result it effects load force. 

At the figure 10, when slip ratio changes in the shape of trapeze 
under different road conditions (dry asphalt, dry concrete, snow 
and ice). 

 

Fig 10.  Friction coefficient graphics for different road conditions of vehicle 
velocity of 10 m/s 

Simulation study of friction coefficients has been shown. 
The highest and the best result friction coefficient is dry asphalt 
and the lowest one is icy road. 

 

V. CONCLUSIONS AND  DISCUSSION 

Because the real systems are moving systems and it is 
difficult and expensive to complete measurements, an 
experiment mechanism has been created. Speed of hub motor 
used at the electrical vehicles, connected to slip has been 
calculated using simulation study with C language. 

There are also different vehicle traction systems; it is 
thought that directly tire drive systems will be used widespread 
in the future. By controlling each tire hub motors 
independently, breakdown of any motor can be prevented, so 
reliability of the vehicle’s drive systems increases. 

Because of increasing amount of pollution and decreasing 
amount of oil reserves, study of electrical vehicles should be 
speed up.  In order to produce cheaper driving systems of 
electrical vehicles, control systems, projects should be started 
about equipment’s of electrical vehicles. By modelling the 
precious studies, more productive, lighter, more intelligent and 
cheaper components should be produced.  Technical staff 
should be raised about power electronics and design of 
electronics circuit. It is not impossible to produce this 
technology be encouragement of the state, progress of the 
industrials and common projects groups of the universities. 
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