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Influence of electric motors assembly in hubs of vehicle wheels on the dynamics  

of movement, especially on surfaces with different adhesion coefficient 
 

The article presents issues related to the drivability and stability of a vehicle equipped with electric motors placed in the hubs of 

wheels. In the article was presented the necessary modifications to the vehicle and their impact on the vehicle's motion parameters. 

Describes the behavior of the vehicle on a homogeneous surface and on surfaces with different adhesion coefficient under the wheels of 

the vehicle sides. The simulation model is presented. The last part of the article presents simulation results for compared surfaces with 

different adhesion under the wheels of the left and right side of the vehicle.  
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1. Introduction 
The simplicity of construction and control, high efficien-

cy, no exhaust emissions, low noise and lower failure rate of 

electric vehicles contribute to increasing their quantity. 

On the other hand the charging time, the location of the 

charging station and the weight of the batteries limit the 

development of electromobility. Intensive development 

works related with increasing the electric capacity of batter-

ies and shortening their charging time allow to hope that 

electric vehicles will be widespread in the near future [7, 8]. 

 

 

Fig. 1. The in-wheel motors vehicle developed by Lohner and Porsche in 
1898 [10] 

 

Electric vehicles with motors built in wheels are in-

creasingly being considered. This placing of the motors 

increases the inertia of the wheels and the unsprung masses 

affecting the dynamics of the vehicle motion, the steerabil-

ity, the safety and the users comfort. The study of the un-

sprung masses impact on the dynamics of vehicle motion 

was taken by many authors [2–6]. The requirements for 

motors which must have a high torque to start and acceler-

ate the vehicle are also increasing. The increasing of un-

sprung masses will also affect the behavior of the vehicle 

during braking, especially on surfaces with non-uniform 

coefficient of adhesion (-split). This issue is discussed 

later in the article. The article presents the results of braking 

and acceleration analysis of the vehicle on homogeneous 

surfaces and with different coefficients of adhesion under 

the wheels of the right and left side. A method of assessing 

the behavior of the vehicle while moving on such surfaces 

is also proposed. 

2. The vehicle modifications resulting from  

the installation of electric motors in wheels 
In a car with in-wheels motors, there will be no power 

unit in the engine compartment; however, this place will be 

used for the installation of the controller, inverter, cooling 

system and battery. Suspensions and steering system must 

also be available there. It was assumed that the vehicle 

body weight will not change. The changes will apply to the 

wheels in which electric motors will be mounted. This 

assumption results from the fact that the anticipated electric 

vehicle will be built on the basis of an existing vehicle 

powered by an internal combustion engine. 

The parameters of the SMzs200S32 electric traction 

motors built by KOMEL, intended for installation in wheel 

hubs, were used for the analyses. 

These are synchronous motors excited with permanent 

magnets with liquid cooling (Fig. 2) [1]. 

The parameters of the SMzs200S32 electric motor are 

shown in Table 1. 

 

 

Fig. 2. The 3D model of the SMZs200S32 motor made by KOMEL [1] 

 
Table 1. Parameters of electric motor drive [1] 

Parameter Symbol Value 

Voltage ULL [V]  200 

Nominal power
 

Pn [kW] 42 

Nominal torque
 

Mn [Nm] 400 (for nn = 0–1000 1/min) 

Max. power
 

Pmax [kW] ~ 80 

Max torque Mmax [Nm] ~ 90 (for nn = 0–850 1/min) 
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Motors with similar parameters are offered by Protean 

(Fig. 3) [9]. 

 

 

Fig. 3. Electric motor mounted in wheel hub made by Protean [9] 

 

Based on preliminary analyses, it has been established 

that a B class vehicle (dmc  1300 kg), equipped with two 

motors of this type should provide the required driving 

dynamics. For cars with a heavier weight, a solution with 

four drive motors should be used to obtain a suitably high 

driving performance. 

A motor can be divided into fixed elements and mova-

ble elements. The motor rotor is an external element con-

sisting of a magnetic core with mounted permanent mag-

nets. The non-rotating motor unit mounted to the suspen-

sion consists of an anchor disc, a labyrinth cooling system 

and a stator consisting of a wound magnetic core. The brake 

was built inside the wheel. 

To analyze vehicle motion dynamics, the parameters of 

the SMzs200S32 engine were used. An alternative motor 

location was considered: in the rear wheel hubs, front 

wheels or in all class B wheels. 

3. The scope of simulation tests 
The aim of the authors was to show the differences in 

the behavior of vehicles powered by an internal combustion 

engine and electric engines placed in wheels. It was as-

sumed that the mass of a vehicle equipped with an internal 

combustion engine will be similar to a vehicle equipped 

with an electric drive (only the masses of the wheels and 

their moments of inertia will increase). In the case of com-

paring vehicles with motors placed on the front or rear axle, 

all drive torque will be generated by these engines. In the 

event that both axes are driven, the torque will be separated 

by 50:50. The comparisons concerned the parameters of 

vehicle movement during a straight maneuver of accelera-

tion and braking on the roadway of a high coefficient of 

adhesion and on a surface with different coefficients of 

adhesion under the wheels of the right and left side of the 

vehicle. 

The following criteria were used to assess the vehicle 

motion for the straight line track: braking distance to stop 

the vehicle, deviation from the rectilinear direction of travel 

and the rate of braking intensity. 

Simulation tests were carried out according to the estab-

lished program. 

A range of tests was adopted, in which the vehicle with-

out drive motors placed in wheels was compared with a 

vehicle equipped with engines. The following cases of 

power transmission solutions with electric motors placed in 

the wheels were considered: 

 engines placed in the rear wheels of the vehicle, 

 engines placed in the front wheels of the vehicle, 

 engines placed in all wheels of the vehicle. 

The vehicle behaviour was analysed on the surfaces 

with: 

 uniform coefficient of adhesion ( = 0.8) for attempts to 

accelerate and stop the vehicle, 

 different coefficients of adhesion under the right and left 

wheels of the vehicle (-split, 1 = 0.8, 2 = 0.3) for at-

tempts to accelerate and brake the vehicle. 

The braking on the straight section of the road has been 

simulated, taking into account the operation of the ABS 

system. During the analyses, the own simulation program 

of the vehicle motion model was used [14]. 

4. A simulation model used for vehicle traffic 

analysis 

In order to conduct a theoretical analysis of the impact 

of mounting of electric motors in vehicle wheels on the 

dynamics of motion, a mathematical model of the vehicle 

was developed. 

In the model, the vehicle's basic movement was de-

scribed using Cartesian coordinate system (position and 

orientation). The vehicle was treated as a set of rigid solids 

connected by flexible elements, resilient and damping. 

Flexible ties were imposed on the suspension movements 

and the turning movements of the front wheels. 

To analyse the dynamics of the car a quasi-spatial mod-

el, which has 11 degrees of freedom, has been adopted.  It 

takes into account: 

 displacement, velocity and acceleration of the vehicle 

determined by the coordinates xc, yc (displacement of 

the vehicle mass center) and angle  of the vehicle rota-

tion about zc axis, 

 angles of wheel rotation k (k = 1, 2, 3, 4), 

 a steering model that includes: the steering angle of the 

front wheels 1, 2 , the rack movement xL and the rota-

tion angle of the steering wheel w, 

 vertical movement of the vehicle zc and rotation angles 

,  (longitudinal and transversal) without taking into 

account inertia forces corresponding to the coordinates, 

 variability of normal and tangential reactions between the 

wheels of the car and the surface (model of cooperation 

of the rubber wheel with the surface by Dugoff, Fancher, 

Segel [11, 12] later modified by Uffelmann [13]), 

 anti-lock braking system ABS.  

The choice of such a model was determined by the 

range of interesting parameters of the research object and 

the scope of research. A model with a similar degree of 

complexity was used in [12], where the results of computer 

and research calculations were sufficiently compatible, 

even though it was also a quasi-spatial model. 
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The model adopted some simplifications, which assume, 

among others, that: 

 the road surface is perfectly flat, horizontal and non-

deformable, 

 the impact of the drive system on the road wheels is 

taken into account in the form of driving moments, 

 the characteristics of elastic elements of suspensions 

and tyres will be linear, 

 pivot axle is perpendicular to the road surface, 

 the offset radius will be changed by moving the wheel 

(changing the track width). 

Figure 4 shows the scheme of the analysed system. 

 

 

Fig. 4. Forces and moments acting on the vehicle [14] 
 

mẍc = 
 

(1) 

mÿc = 
 

(2) 

Iψ̈c = 
 

(3) 

Ikφ̈k = 
 (k = 1, 2, 3, 4) (4) 

where: Fxk, Fyk, Fzk – component forces of the interaction 

between road surface and the wheel (k = 1, 2, 3, 4), Msk – 

aligning moment, Fw – air drag, m – vehicle mass, I – the 

mass moment of vehicle inertia about the z-axis,  – yaw 

angle, k – steering angle of the wheel (for rear wheels 3 = 

4 = 0 is assumed), Ik – the mass moment of inertia of the 

wheel about its axis of rotation, k – wheel rotation angle (k 

= 1, 2, 3, 4), Mk – drive moment, rdk – dynamic radius of 

the wheel, '

kf  – substitutive coefficient: 
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MHk – braking moment, fk – rolling drag coefficient, Cop – 

tyre peripheral stiffness index (the same for all wheels). 

In addition, it was assumed that for k = 1, 2, 3, 4 forces 

acting on wheels in the plane of the roadway, and aligning 

moments, are expressed by the following formulas: 

 kkxk NF   (5) 

 kkyk NF   (6) 

 
kkkoykxkkoykykxkxksk N)FF(FFM   (7) 

where: 
ykkxkkk  , )FF( ykxkkoko  , has a value 

calculated in the previous step during the integration of the 

equations of motion, Nk = Fzk – normal forces acting on the 

wheel k = 1, 2, 3, 4, k, k ,xk, yk, ko – coefficients calcu-

lated for the adopted model of cooperation of the wheel tyre 

with the road surface according to Dugoff [11]. 

Based on the adopted vehicle model, a computer pro-

gram was developed. It allows you to define any road sur-

face configurations under the wheels of the tested vehicle. 

It also allows you to simulate the operation of the ABS 

system. For this purpose, an appropriate algorithm that 

allows the implementation of the functions of this system, 

has been developed. There is also the possibility of request-

ing the desired drive and braking torque for individual 

wheels, as well as the actual driving and braking torque 

during road tests. 

5. Simulation tests 
5.1. Speeding the vehicle straight ahead on a road with 

homogeneous high adhesion coefficient  

During the simulation test in speeding the vehicle, the 

steering wheel was maintained with a zero steering angle. 

The same driving torque was assumed for a vehicle 

equipped with an internal combustion engine and a vehicle 

with electric motors in wheel hubs, with the difference that 

in the case of vehicles with four-wheel drive, the torque 

was divided 50:50 for axles: front and rear. 

 

 

Fig. 5. Vehicle speed in speeding the vehicle straight ahead on a road with 

homogeneous high adhesion coefficient (ICE – internal combustion en- 

 gine, el – electric motor) [own research] 

 

Figure 5 shows the speed of a vehicle equipped with var-

ious propulsion systems configurations. The graphs show 

that the vehicle with classic drive achieves higher end speeds 

(after 8 second). The vehicle with electric motors in the 

wheel hubs, due to the higher weights, achieves lower end 

speeds, especially for the 4×4 drive system. A car with elec-
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tric motors in the rear wheel hubs accelerates to a higher 

speed than with the electric motors in the front wheel hubs. 

To assess the acceleration of the vehicle, the coefficient 

of acceleration intensity by analogy to the braking ratio 

coefficient of the vehicle was used, which is the ratio of 

vehicle acceleration to gravity acceleration. 

Figure 6 presents the average values of the acceleration 

intensity coefficient of the vehicle equipped with various 

configurations of propulsion systems. The graphs show that 

a vehicle powered by an internal combustion engine 

achieves similar acceleration intensities (~ 0.14) regardless 

of whether it is an front or rear drive system, or all wheels 

drive system. In the case of vehicles with electric motors in 

the wheel hubs, the vehicle with electric motors mounted 

on the rear axle gets the highest acceleration intensity, the 

smaller ones are obtained in the case of electric motors on 

the front axle and electric motors driving all the wheels. 

 

 

Fig. 6. Mean speeding intensity in speeding the vehicle straight ahead on  

 a road with homogeneous high adhesion coefficient [own research] 

5.2. Acceleration of the vehicle while driving straight 

ahead on the road surface with different  

coefficients of adhesion under the wheels  

of the right and left side of the vehicle 

Similarly to the simulation tests, speeding at the road 

with uniform coefficient of adhesion, on the road with dif-

ferent coefficients of adhesion on the left and right side of 

vehicle, the steering wheel was maintained with a zero 

steering angle. Similarly, the same driving torque was as-

sumed for a vehicle powered by an internal combustion 

engine and electric motors, with the difference that in the 

case of vehicles with all-wheel drive, the drive torque was 

divided in proportion 50:50 on each axle. 

 

 

Fig. 7. Vehicle speed in speeding the vehicle straight ahead on a road with 

different adhesion coefficient under the wheels of the left and right side 
 [own research] 

Figure 7 shows the speed of a vehicle equipped with 

various configurations of propulsion systems, comparing its 

motion on the road with different coefficients of adhesion 

under the wheels of the right and left side of the vehicle. 

The graphs show that the vehicle driven by the internal 

combustion engine achieves slightly higher final speeds 

(after 8 second), with the vehicle with the rear drive show-

ing a fairly large deviation from the rectilinear direction of 

travel. The vehicle powered by electric motors in the rear 

wheel hubs is characterized by a similar, though slightly 

lower, speed after 8 seconds of acceleration. Vehicles with 

engines in wheel hubs, due to the higher moments of inertia 

of the drive wheels, obtain lower final speeds, especially 

with the 4×4 drive system. A car with electric motors in the 

rear wheel hubs accelerates to a higher speed than with 

electric motors in the front wheel hubs. 

 

 

Fig. 8. Mean speeding intensity in speeding the vehicle straight ahead on  
a road with different adhesion coefficient under the wheels of the left and  

 right side [own research] 

 

Figure 8 presents the average values of the acceleration 

intensity of the vehicle equipped with various configura-

tions of propulsion systems. The charts show that the vehi-

cle powered by the internal combustion engine achieves 

similar acceleration intensities (~ 0.12) for the front drive 

system and the all-wheel drive. Lower values are obtained 

with a rear-wheel drive vehicle.  

In the case of vehicles with electric motors in the wheel 

hubs, the vehicle with engines on the rear axle is character-

ized by the highest acceleration intensity, the smaller ones 

are obtained in the case of electric motors mounted on the 

front axle and electric motors driving all wheels. 

5.3. Braking the vehicle while driving straight ahead on 

a road surface with a high homogeneous coefficient 

of adhesion 

During braking simulation tests, the steering wheel was 

maintained with a zero steering angle. The same braking 

torque was assumed for a vehicle equipped with an internal 

combustion engine and a vehicle with electric motors in the 

wheel hubs, with the difference that in the case of vehicles 

with all-wheel drive, the braking torque was divided in 

proportion 50:50 for any axle. The anti-lock braking system 

(ABS) was used during braking. 

Figure 9 shows the changes in vehicle speed as a func-

tion of the distance traveled to its stop. The vehicle was 

equipped with various configurations of drive systems. The 

graphs show that the road to stop the vehicle powered by 
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the internal combustion engine is slightly shorter than that 

for a vehicle equipped with electric motors in the rear axle 

wheel hubs. This one is shorter than the road to stop in the 

vehicle with electric drive motors on the front axle. A vehi-

cle with electric engines mounted in all wheels was charac-

terized that it has the longest way to stop. The moments of 

inertia of the wheels affect the length of the braking dis-

tance when the ABS system was used. 

Figure 10 presents the average values of the braking ra-

tio of a vehicle equipped with various configurations of 

propulsion systems. The graph shows that the vehicle po-

wered by the internal combustion engine is characterized by 

the highest braking ratio (~0.670) for the system with the 

front drive and electric motors in the wheel hubs (~0.664), 

for the rear drive system and electric motors in the wheel 

hubs (~0.665) and with electric motors in the hubs of all 

wheels (~0.652). 

 

  

Fig. 9. Distance of stopping the vehicle in braking the vehicle straight 

ahead on a road with homogeneous high adhesion coefficient [own re- 

 search] 

 

 

Fig. 10. Mean braking ratio in braking the vehicle straight ahead on a road 

 with homogeneous high adhesion coefficient [own research] 

 

5.4. Braking of the vehicle while driving straight ahead 

on the road surface with different coefficients of 

adhesion under the wheels of the right and left side 

of the vehicle 

Similarly to the other simulation tests, the steering wheel 

was maintained with a zero steering angle. In these tests, the 

anti-lock braking system (ABS) was also simulated. 

Figure 11 shows changes in vehicle speed as a function 

of the distance traveled to its stop. The graph shows that the 

road to stop the vehicle with the combustion engine used to 

drive and for the vehicle equipped with electric motors to 

drive mounted on the front axle is almost the same. The 

vehicles with electric motors in the rear wheel hubs and in 

the hubs of all wheels were characterized by a little more 

stopping distance. 

Figure 12 presents the average values of the braking ra-

tio of a vehicle equipped with various configurations of 

propulsion systems. The graphs show that the vehicle po-

wered by electric motors in the front wheel hubs has the 

highest braking ratio (~0.397) for a vehicle powered by an 

internal combustion engine (~0.387), for a vehicle powered 

by electric motors placed in the rear wheel hubs and with 

electric motors in the hubs of all wheels is (~0.337). 

 

 

Fig. 11. Distance of stopping the vehicle in braking the vehicle straight 
ahead on a road with different adhesion coefficient under the wheels of the 

 left and right side [own research] 

 

 

Fig. 12. Mean braking ratio in braking the vehicle straight ahead on a road 

with different adhesion coefficient under the wheels of the left and right  
 side [own research] 

6. Analysis of the behavior of the vehicle on the 

road with the same and different coefficient of 

adhesion under the wheels of the right and left 

side of the vehicle 
Comparing of accelerating of the vehicle on a straight 

path of road with a high coefficient of adhesion ( = 0.8) 

with acceleration on the road with different coefficients of 

adhesion under the right wheels ( = 0.3) and the left side 

of the vehicle ( = 0.8) it was noticed that in the first case 

the distance traveled in the first 8 seconds was in the range 

from 37 to 43 m and in the second case from 32 to 37 m. 

Larger moment of inertia of the wheels with electric motors 

mounted in hubs affect the speed after 8 second of vehicle 

movement. The mean acceleration intensity of the vehicle 

driven by combustion engine, without the increased weight 

of the wheels and without the larger moments of inertia is 

almost constant and amounts to ~0.14 After the installation 
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of electric motors in the wheels, mean acceleration intensity 

is lower, from ~0.12 to ~0.135. 

The acceleration on the road with different coefficients 

of adhesion results in a reduction of the mean acceleration 

intensity from ~0.105 to ~0.112. The smallest acceleration 

intensity is characterized by the solution of the drive system 

with the motors located in the hubs of all wheels. 

 

 

Fig. 13. Comparison of braking in an attempt to drive straight ahead on a 
road with high homogeneous and different adhesion coefficient under the 

 wheels of the left and right side [own research] 

 

The braking distance to stop of the vehicle on a straight 

path of road with a high coefficient of adhesion is from 

16.5 m to 17.5 m. In the case of braking on the road with 

different coefficients of adhesion, it is extended to 23–23.5 

m. The braking ratio in first case is from ~0.668 to ~0.651. 

Braking on the road with different coefficients of adhesion 

reduces the braking ratio to 0.392–0.367. 

The vehicle with electric motors placed in the hubs of 

all wheels is characterized by the lowest braking intensity 

indices. It is caused by the increase of vehicle mass and 

wheels mass as well as moments of inertia of the wheels, 

which change their rotational speed during the operation of 

the ABS system. 

Figure 13 presents a comparison of vehicle braking with 

and without electric motors in wheel hubs on road surfaces 

with a high coefficient of adhesion and different coeffi-

cients of adhesion under the right and left wheels of the 

vehicle. Mounting electric drive motors in the vehicle's 

wheel hubs has little effect on increasing the braking dis-

tance and changing the braking ratio. A much greater im-

pact is observed in braking on the case of road with differ-

ent coefficients of adhesion (-split). 

 

  

Fig. 14. Comparison speeding the vehicle in an attempt to drive straight 

ahead on a road with high homogeneous and different adhesion coefficient 

 under the wheels of the left and right side [own research] 

 

Figure 14 presents a comparison of acceleration of vehi-

cles equipped without and with electric motors in wheel 

hubs on the road surfaces with a high coefficient of adhe-

sion and different coefficients of adhesion under the wheels 

of the right and left side of the vehicle. Mounting drive 

motors in the wheel hubs of the vehicle contributes to the 

extension of the acceleration path and the reduction of its 

intensity. The influence of different coefficients of adhesion 

(-split) on the length of the acceleration path and its inten-

sity is less than in the case of braking the vehicle. 

7. Summary and conclusions 
The paper presents preliminary simulation tests of a ve-

hicle powered by electric motors placed in wheel hubs. For 

comparison, a vehicle with an internal combustion engine 

(smaller wheel masses and their moments of inertia) was 

also analyzed. The analysis was based on calculations using 

the original program described in the literature [14]. 

The use of electric motors placed in the wheel hubs for 

driving the vehicle reduces the driving comfort, but also 

changes the moment of inertia of the wheels. Especially 

during acceleration and intensive braking, the increase of 

masses and moments of inertia of the wheels will result in 

lowering both the intensity of the acceleration and the brak-

ing intensity of the vehicle. 

 

Nomenclature 

ABS anti-lock braking system -split different coefficients of adhesion under the right side 

( = 0.3) and the left side of the vehicle ( = 0.8) 
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