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Abstract

The emerging production investment in Electric Vehicles is claiming to substitute the current
automobile situation due to not just their multiple advantages but the increasing fossil sources
depletion concern. Numerous studies have been working on the Electric Vehicles efficiency
and driving experience improvement. One of the point of interest of these investigations was
the setup of the motor and drive, introducing several proposals for the system implementation
that included the In-Wheel Motor Drive structure.

This project aims to present the development of a novel In-Wheel Motor Drive design which
claims to improve the vehicle response to a conventional road surface. The aims, process,
outcomes and conclusions are included in this report. The project examines the response to a
conventional road in different systems two stages. A first analysis of original structures, as
Conventional Electric Vehicle, Fixed In-Wheel Motor and Suspended In-Wheel Motor, and a
second one with the introduced new designs. Both analysis and simulation will be implemented
in a frequency domain setting, with the purpose of showing the different response within the
excitation frequency range. The mechanical parameters of the best-behaved systems will be
contrasted in order to obtained an optimised system.

The final design presented is found to have an improved performance while being exposed to
a conventional road surface spectrum, corroborating the project main objectives.

Keywords: Electric Vehicle, In-Wheel Motor, Vibration, Frequency Analysis, Driving
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1. Introduction and background

The development of Electric Vehicles (EVs) in the near future seems to be of great importance in
relation to the environmental situation and the energy difficulties that today’s society experience.
Furthermore, EVs suffer less vibrations disturbances than combustion vehicles thanks to their motor
characteristics, but their oscillatory performance in some unfavourable situation can be intensified [1].

In order to entirely diminish the potential adverse operation of EVSs, various settings have been
established, such as front-engine front-wheel drive, front-engine rear-wheel drive, mid-engine rear-
wheel drive, and rear-engine rear-wheel drive [2].

Included within the possible setup options, the In-Wheel Motor (IWM) presents an outstanding
performance. This engine proposal is based on placing the motor inside the wheel, displacing the drive
mass and reducing the transmission elements. This novel setup improves energy efficiency and
empowers an advantageous dynamical behaviour of the whole vehicle [2].

Despite the considerable advantages that IWM has, its structure brings an increase in the unsprung mass
and, therefore, generates vibrations that can affect drive comfort and road holding [3].

This project aims to develop a novel design that diminishes the oscillation difficulties that are present
in current EVs. The project analysis process is mainly divided in two stages. The first one includes the
study of some existing setups that are represented by the conventional central motor, the Fixed In-Wheel
Motor (FIWM) and the Suspended In-Wheel Motor (SIWM). This initial examination claims to
determine the main performance of the EVs and to analyse the vibration phenomenon that is originated
by a random road excitation. This examination will be evaluated by the wheel, vehicle body and motor
displacements. The simulations will be repeated with the variation of the physical parameters with the
aim of establishing a primary conclusion of their effect in the behaviour and apply the outcomes to the
proposition of the new designs.

In the second stage, new mechanical systems will be stablished and tested in order to finally obtain the
one with the best performance for the project aims.

1.1. Aims and Objectives

The main aim of this project is to implement a novel design of an In-Wheel Electric Motor Drive system
for vehicles which operation is enhanced during oscillations in working conditions.

To achieve the primary purpose of the project, the founding of phased objectives has to be accomplished
during the plan progress.

The development of this design is completed after settling basic knowledge of both electrical motors
and dynamic vibrations in that sort of engine.

In order to compare the performance of the different setups and to validate the improved operation of
the proposed system, the dynamic models of each structure will be simulated against a road surface
roughness excitation, resembling the actual operation conditions.

As the dynamic functioning of the systems depends on its mechanical parameters, they will be
optimized for the final design to be the most efficient one.



2. Literature review

The growth in development of Electric Vehicles (EVs) in the current energy situation is due to the
decrease in the fossil sources used for running automobiles. However, the weight of EVs’ batteries and
the amount of transmission components cause several problems in relation to design and energy
efficiency [4]. The main search of information in this project is based on papers that are focused in
different proposals to solve these drawbacks.

The In-Wheel Motor (IWM) Drive is a very significant option for an improved development of the
system, as the Electric Motor is set in the wheel hub to minimize the space and improve the power
transmission efficiency.

However, one of the main disadvantages of IWM is the presence of a higher unsprung mass that could
disturb the engine operation, causing stability and vibration complications. Therefore, there has to be
an offset between the dimensions, power and mass of the machine [5].

The study of the vehicle stability is based on the yaw-moment control. This is highly influenced by the
reaction speed of the system torque, being faster in Electric Vehicles than in Combustion Vehicles.
Moreover, the IWM Electric Vehicle allows each wheel motor to be controlled separately, improving
the general performance [4], and that control can be achieved in different ways. In [1], the vibrations
originated on the drive shaft during velocity and gear changing are supressed with a low-pass filter. In
[6], a study of the velocity fluctuation in low frequencies and controller design is composed changing
the system poles to reduce vibrations but preserving the dynamic performance of the system.

However, the dynamic quality is associated to the longitudinal movement, the stability corresponds to
the lateral dynamics and the comfort of the vehicle consists in vertical dynamics [7]. In relation to the
dynamical behaviour of the system, some damping systems have been developed to solve the possible
complications.

In [8], a feedback control system that resemble a virtual mechanical damping system is introduced. A
physical dynamic-damper mechanism for reducing the violent vibrations that fixed IWM cause is
presented in [3] as a suspended IWM, which also improves the tire contact force and, therefore, the road
holding. In [9], the suspended IWM performance is improved by a multiple optimization of the engine
parameters that dismisses the resonant peak of the design. In [10], the insertion of three pairs of rubber
bushings is proposed. The bushings are allocated between the stator and the hub knighthead, between
the stator and the suspension bracket and between the ring and the rotor, separating the motor mass
from the source of the vibrations and reducing them by the absorption function of the bushings. By that,
the Motor Gap Deformation is improved more than 90%.

2.1. Concepts and conclusions

To summarise, one of the main concepts obtained from the literature review is that the elimination of
the power train reduces costs and space, raising energy efficiency, but generates an inconvenience by
increasing the unsprung mass and, therefore, worsening the vehicle vibration.

The prior studies of the IWM vehicle determined that, by providing the structure with a damper and
spring system, the IWM becomes isolated and the vibration energy is absorbed by the bushings.



A series of different models is presented in each study, but the focus of this project will be the suspended
motor concept as it has been proved to improve the driving quality experience and is presented as an
innovative proposal with an option for further research. The outcomes of these studies also show that
the motor suspension parameters affect the performance, resolving that the optimization of these
parameters will facilitate the development of the upgraded proposition.

The following process will use these basic conclusions in order to obtain and develop a proper design
that will promote the performance of the system and reduce the vibrations that could affect the driving
experience and the motor efficiency.

3. Methodology and theory

The primary approach for the completion of this project was to follow a methodical and iterative process
during the course of the different stages.

The development of the project started by reducing the working field, examining the existing problems
related to the subject of interest, Electric Vehicles. The taken approach included an extensive research
of current literature that helped to resolve the project background. All the information was condensed
and systematised until finally obtaining a more concrete subject for the project.

When the previous knowledge was settled, the design process commenced. Based on a series of
theorical concepts and hypotheses, the analysis of the proposed initial models was fulfilled. The
outcome data was used to advance in the process and to introduce several new systems. The models of
these novel systems passed through the analysis scheme and where evaluated.

The results obtained from the different analysis were interpreted and used to evolve and, finally,
accomplish the project aims. This report includes all the information that resulted from the testing and
the different activities accomplishment and is presented organised in a way that pretends to guide the
reader into each step taken and aims to be helpful with the understanding of the reasons of the final
design resolution.

3.1. Activities and plan

The project has been implemented from a mechanical and analytical point of view and is evaluated by
the implementation of different activities that include the development of block diagram models, the
procurement of their dynamic equations, the incorporation of the models to the MATLAB/Simulink
environment and the implementation of the simulations.

This course will be followed and repeated for each of the presented systems, starting with the original
ones and finishing with the improved novel design. The results obtained from the simulations will
provide the information that should be used for the comparison of the different setups and the
accomplishment of the project aims.

The whole project planning is based in a Gantt Chart more detailed in chapter 7.

During the fulfilment of the project, the initial activity plan has been modified in order to adapt it to the
unexpected setbacks.



One of the main problems that caused the modification of the initial project structure was that the
outcomes, in time domain, obtained from the Simulink models were not sufficiently complete to be
considered functional for the project development. This issue was solved by considering the possible
reasons of that behaviour, and this consideration was tested by examining the frequency peaks of the
road excitation, that means, those frequencies in which the excitation has more power. After that, a new
analysis point of view was proposed: the frequency domain.

3.2. Methods for evaluating results and outcomes

The results obtained from the analysis were mainly evaluated using graphical techniques.

Firstly, the correct operation of the initial models was tested using a normal modes analysis, comparing
the theorical result with the one obtained with the simulations.

The primary evaluating method was based on the time domain. The models built in Simulink were
compared by overlapping their operation while changing some parameters.

Due to the results achieved, more extensively commented in the analysis paragraph, the following
examinations were taking into the frequency domain, using the Laplace transformation and plotting the
outcomes in a Bode Diagram. There, the results were contrasted by their magnitude amplitude, looking
for the model with the best performance.

3.3. Road Surface modelling

The road surface model is expressed as

Xo(t) = —2mfoxo(t) + 2w/ Gouw(t)

where fo value is 0.0628 Hz; u is the velocity and will be considered of 60 km/h; Gy is the roughness
coefficient of the road and is presumed of 0.02 m¥?/s; w(t) represents the white noise. The road model
expression and the selected parameters values have been taken by considering [10] and in order to
guarantee the similarity with an actual road spectrum.

The tests carried out with this model prove its appropriate performance and suggest its correct utilisation
for the project development.

3.4. Normal Modes Analysis

Every dynamic system can be expressed in a matrix form that depends on its mass, stiffness and
damping parameters as:

[M]{E(0)} + [C1E (0} + [K{x(D)} = {F ()}

With, [M] as mass matrix, [C] as damping matrix, [K] as stiffness matrix and {F(t)} as the external
forces applied to the system.

The normal modes analysis evaluates the system when it is in a free vibration situation, that means,
when the damping and the applying forces are zero.

[M]{x(O)} + [K]{x(©)} =0
4



To simplify, the displacement will be considered sinusoidal considering Euler’s Formula, as expressed
below, so the acceleration will be,

{x(©} = {ple™" {Z(®)} = —w?{pJe™"
The dynamic equation will look as,
(~w?[M] + [KD[p Je™* = 0
Taking into consideration that " can never be equal to zero, the equation is rearranged as,
(K] -w?[MD[p1=0
One of the solutions ([¢]=0) is trivial, that is why the analysis is focused on the other one.

Renaming w? as A, called eigenvalues, the solution of the equation |[K] — A[M]| = 0 will provide the
natural frequencies of the system.

3.5. Dynamic Models

The systems presented in this project have been modelled using block diagrams that notably simplify
the mechanical structure and performance analysis of the setups.

The dynamic equations obtained from the models are based in Newton’s Second law, being stated as
follows [13]:

‘The net force of an object is equal to its mass times its acceleration and points in the same
direction of the accelaration’

2F=m-a

Where, F is the net force, m is the object mass and a is the acceleration.

The equations work in a force equilibrium basis, taking into consideration that the damping force is
expressed as c-v, with v as velocity, and the stiffness force as k-x, where x is the displacement.

3.6. Frequency Spectrum

The frequency spectrum is used in this project with the intention of demonstrating the amplitude
distribution of each frequency.

This representation shows the frequency range in within an excitation is working, which significates
the frequency rate in within the system will receive the excitation influence in its utmost. As the road
excitation is presented in the time domain, the Fourier Transformation scheme is used to change it to
the frequency domain.

S(f) = foos(t) e 2 gt

In this project, the transformation and spectrum representation will be implemented with MATLAB
interface.



3.7. Bode Plot

It is the representation of the frequency response of a system. Mainly composed by magnitude (dB) and
phase (°) response. To achieve the Bode diagram representation, the functions have to be transformed
to the frequency domain using the Laplace Transformation scheme.

F(s) = foof(t) ce~Stdt
0

In this project, the transformation and Bode representation will be implemented with MATLAB
interface.

4. Experimental work/analytical investigation/ design

4.1. Models

A dynamic model will be presented to introduce a clearer image of the initial systems and to simplify
the vertical vibration study by use of their dynamic equations obtained with the Newton’s second law.

The models of the Conventional EV and the Fixed IWM are described by a 2 degrees of freedom
systems, while the Suspended IWM is defined by a 3 degrees of freedom system. In the three models,
m; represents the unsprung mass (that includes tire, wheel, motor mass in the cases of Conventional EV
and Fixed IWM, etc), m; is the vehicle body mass and ms is the motor mass in the SIWM case.

In the following figures the block diagrams of the three original systems and their corresponding
dynamic equations are presented.

Body m, J X2

m15C'1+Fn+Ft=O

k, g :F S myX, + (X — %) + kp(x —x1) =0

Unsprung Mass I X Fy = kq (1 — xO) +c1 (%, — xO)

Tire, wheel, .. . .
( ) Ey = ky(xq — x3) + (% — X3)

k Ft: Tire Holding Force

1 Cq
1%

Fn: Suspension Force

Figure 1. Conventional EV model



(m1 + m3)i’:’1 + Fn + Ft = 0 Body. m, 4[ g

myi; + (X — %1) + k(X —x1) =0

k, C2
Fp = kq(xq1 — x0) + ¢4 (%1 — %)
", ’, nsprung Motor
Fp = ky(xg — x2) + ¢ (X1 — X3) ,‘ia;j, (Tire, my M, J *1
TWheel, ..)
ks C% Cy
Figure 2. IWM Fixed motor
m1£1+Fn+Ft+Fd :0
X3 Body,
m.
xs L Mor:“ ’ my¥y + ¢ (X — %1) + ka(x; — %) =0
3
ksé 6 ke % J\ﬂ c mgXs + c3(X3 — %) + k3(x3 —x1) =0

Fe = kq(x1 — x0) + ¢, (% — %p)

Unsprung
my X, mass, (Tire,
Wheel, ..)

Fy = ky(xq — x3) + (% — X3)

ks % % % B Fq = k3(x1 — x3) + c3(%1 — %3)

Figure 3. IWM Suspended Motor Fd: Dampmg Force

Through the matrix dynamic equations of each system, the models will be implemented using the
Simulink environment. The aim of these representations is to implement the analysis that will evaluate
the driving quality, by the displacements of tire, vehicle body and motor.

» 1 » 1
~| 1 ' 1 d2x 5 |dx s %
7] s dx 7l s x
Auitipl
Matrix] c
ultipl: _|
) . _L M
= dultipl:
! I S

g

1 dx0 =l .
Fe. 5 —@1 2*pi*sqrt{G0*u)
Band-Limited
White Noise
x0x

2*pi*sqrt(G0*u)

Band-Limite
White Noise

@ dx0

e —

Figure 4. EV and Suspended IWM Simulink model Figure 5. Suspended IWM Simulink model



4.2. Testing

To examine the proper operation of the systems’ models, a normal modes analysis will be developed.
The natural frequencies of each system will be mathematically obtained and then experimentally tested
by simulating the models.

As it has been explained in chapter 3, firstly, the matrix movement expression in free vibration will be
obtained. It is understood by free vibration the nonexistence of both damping and external forces applied
to the body.

5wl [ 6=

To simplify, the matrices will be renamed as,

_[my O
M= [ 0 mz]
ki +k, —k,
k=] —ky ]

Then, knowing that with a sinusoidal displacement the previous expression is [[K] —w? [M]]{<p} = {0}

the term det([K] — w?[M]) = 0 should be solved in order to obtain the natural frequencies of the
system

Hk1+k2 —kz] Wz[ml ] |[k1+k2 —kz] [w my 0 ] _ 0
_k2 0 _k2 Wzmz B
”kl + ky —w?m, —k, ] _ 0

After the analysis, using MATLAB to solve the determinant, the obtained frequencies of the
Conventional EV model were

wy; = 8.4807 rad/s

w, = 96.7667 rad/s

To prove the results and the efficiency of the models, the different systems will be exposed to a
frequency analysis. They will be simulated for a range of frequencies from 0.1 to 100 rad/s and a
sinusoidal excitation. For every frequency the maximum value of the displacements and of the
excitation will be recorded. Then, the result of the first one divided by the second will be plotted against
the frequencies, resulting the representation of the system reception. The frequencies in which the
representation show reception peaks should be considered as the natural frequencies and must coincide
with the mathematically obtained values in order to prove the correct operation of the models.



x1/x0

x1/x0

26

24

22

18

w=8.2rad/s \\

16

14

12

0.8

22 T T T T T T T T

w=90.7rad/s |T—p_
2t P

1871

16T
14

w=79 rad/<
12

IE R

0.8 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90

frequency (rad/s)

Figure 6. Tire Displacement Frequency Spectrum

3
25¢ w =8.2 rad/s 1
5| .
)
>
15
4 <
05T 3
~\-‘\
o . 5

0 10 20 30 40 50 60 70 80 90 100
frequency (rad/s)

Figure 7. Body Displacement Frequency Spectrum

Repeating with the other two models, the Fixed IWM model matrix expression will be expressed as

[ml + ms 0 ]{Xl} + [Cl + Cy
m, .7.6:2 —Cy

With,

|

_ ki + k,
K‘[ —k,

And its natural frequencies will be

C2

my + my

[ =6

.
m;

—k,

e

wy = 8.7992rad/s

w, = 80.9765 rad/s

w=76.9rad/s
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frequency (rad/s)

Figure 8. Tire Displacement Frequency Spectrum

100

3 T T T T T T T T

w =8.5rad/s

x2/x0

)

05

0 L L L \ L L L L

0 10 20 30 40 50 60 70 80 90

frequency (rad/s)

Figure 9. Body Displacement Frequency Spectrum



x1/x0
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The similarity between the numerical and the experimental values proves that the dynamical equations
and, therefore, the developed Simulink models have a well-behaved performance and its utilisation for
the design analysis will be appropriate and should show the required results.

4.3. Analysis

The analysis was performed in time domain running the different system models while changing the
parameters (mass m, stiffness coefficient k and damping coefficient c) and plotting the displacements
values of the tire, x1, the vehicle body, x, and suspended motor, Xs.

That representation will provide the information needed to analyse how the systems’ behaviour changes
with the variation of their physical values.

The simulations were repeated 7 times for each system, being the first one the one with the original
parameters, and the increasing and decreasing each of the values separately. The values of the original
parameters were selected by analysing the previous papers studies and in order to make the models as
similar as an actual EV.

NOTATION
x1: x,: Unsprung mass vertical displacement
X2: X, Vehicle Body vertical displacement

x3: x3: Suspended Motor vertical displacement

Table 1. EV
EV 1 2 3 4 5 6 7 1- Original State
2- Unsprung Mass m; increase
M1 (kg) 35 50 20 35 35 35 35
3- Unsprung Mass m; decrease
Makg | 350 350 350 350 350 350 350 4- Unsprung Mass Rigid

coefficient ky increase

K1 (knim) 300 300 300 450 160 300 300 o
5- Unsprung Mass Rigid

Kegmy | 275 275 275 275 275 275 275 coefficient ky decrease

6- Unsprung Mass Damping

C1 (Ns/m) 50 50 50 50 50 100 30 . .
coefficient c; increase

Coism | 1500 1500 1500 1500 1500 1500 1500 /- Unsprung Mass Damping

coefficient ¢, decrease

11
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Table 2. Fixed IWM

FIWM 1 2 3 4 5

M1 kg) 50 70 30 50 50

M2 (kg)

Kigamy | 300 300 300 450 160 300

Kogwm | 275 275 275 275 275 275

Cinsmy | 90 50 50 50 50
Consmy | 1500 1500 1500 1500 1500
5 <107
mi=50kg
& m1=70kg| 1
———m1=30kg
4l
26 A 1 ‘ |
° ]a ™ | ‘j‘ |
x 1 | T ‘ if|
.2-%# \“'lw#‘
4r ! | w} .
s v l
_100 10 20 30 40 5‘o 60 7‘0 s‘o s;o 100
time
Figure 19. x1- mass variation
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Table 3. Suspended IWM
SIWM 1 2 3 4 5 6 7 1-  Original State
m1 (Kg) 50 50 50 50 50 50 50 2- Unsprung Mass ms
increase
m2 (Kg) 325 325 325 325 325 325 325
3-  Unsprung Mass ms
m3 (Kg) 20 40 12 20 20 20 20 decrease
KL(kN/m) | 300 300 300 300 300 300 300 4-  Unsprung Mass Rigid
coefficient ks increase
kZKNM) | 575 275 275 275 275 275 275
5-  Unsprung Mass Rigid
k3 (kN/m) 32 32 32 50 13 32 32 coefficient ks decrease
¢l (Ns/m
( ) 50 50 50 50 50 50 50 6- Unsprung Mass Damping
c2(Ns/m) | 1500 1500 1500 1500 1500 1500 1500 coefficient cs increase
c3(Ns/m) | 250 250 250 250 250 600 90 7~ Unsprung Mass Damping
coefficient c3 decrease
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Figure 25. x1- mass variation
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4.4. Conclusions of first analysis

The results obtained after the first analysis indicate that the performance of the three models does not
present a qualitative differentiation. Even with the parameters variation, the displacements obtained
result quite similar and do not suggest any straight conclusion.

Comparing these results with the outcomes of the previously considered literature review papers, where
the performance results are clearly altered by the parameters, it is determined that the dynamic operation
of the models is not being analysed within the appropriate range of frequencies to show a functional
result.

In order to verify this assumption, the road excitement expression will be evaluated using a frequency
spectrum, it will be transformed using the Fourier scheme and then plotted so as to determine the
magnitude distribution of the excitation frequencies.

The resulting figure, showed below, indicates that the excitation frequency distribution is mainly
situated around 0.5 Hz, since the peak value is located around that frequency. Therefore, the study
frequency range becomes reduced, as it demonstrates that the systems working with this excitation are
functioning shaped by this range.
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Figure 34. Road Excitation Frequency Spectrum

4.5. Bode Analysis

In order to establish a more appropriate model analysis and to determine the actual performance of the
systems, the simulations will be performed again in the frequency domain. By transforming the dynamic
equations using the Laplace scheme, the operation of the systems could be expressed using a Bode
diagram where the amplitude of the displacements will be plotted against the frequencies. That
representation will show the response of the systems when they are exposed to the selected road
excitation spectrum, by their magnitude within the excitation frequency range, and their general
performance with the remaining frequencies.

That way, the earlier stated impression will be verified and the actual operation differences should be
exposed.

4.5.1. Initial Models
The transformation to the frequency domain will begin by taking the conventional EV matrix expression
myq 0 .9.C'1 C1+C2 —Cy {xl} [k1+k2 —kz] X1 _ k1x0+clx:0
[0 mz]{xz}Jr —c, cz] W =k, Ky {xz}_{ 0 }
And renaming as,

_[my O _ [k1+ k2 —kz] [t —c
M_[O mz]K_[ _kz kz C_[ _Cz Cz]

== fepe- ()

[ 08— Yt L[]
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Obtaining the following simplified expression
MX 4+ Cx + Kx = L(kyxg + ¢1%p)
If we now apply the Laplace transformation of the expression, explained in chapter 3,
Ms?5%(s) + Csx(s) + Kx(s) = L(ky + ¢18)x4(5)
[Ms? + Cs + K]x(s) = L(ky + ¢15)x(s)
And finally obtain the transfer function of the system (output/input)

x(s)

Xo(s)

= [Ms?+ Cs+ k]™Y X L X (ky + ¢15)

The process will be the same for the Fixed and Suspended IWM, just adjusting M, C and K and
1
0
0

considering L as | 0| for the Suspended IWM.

Utilizing MATLAB techniques, the Bode Plot of the three models will be as showed in the following
figures.

Bode Diagram

T i Suspended WM
= —— Fixed MM —
Convertional EV

Magnitude (dB)
*2
i
5
T

Frequency (Hz)

Figure 34. Initial Models Bode Diagram

18



Bode Diagram

10 T T T T T T T T T
Suspended IWM
Fixed IWM
Conventional EV |~
b SIWMm

e | sWMK
SIWMc =

| I L = | I | L I
T T T T T

=)
I

X3

|
[

|
|
{ |

Magnitude (dB)

2 4 8 8 10 12 14 16 18 20
Frequency (Hz)

Figure 35. Initial Models Variation Bode Diagram

The first figure shows the Bode plot of the three initial systems with their original parameters, while
the second one includes an increasing variation of the SIWM parameters, which purpose is to show
their influence in the system operation. A discontinuous line is included in both figures to indicate the
frequency range in which the excitation is mainly operating.

The results obtained prove that the three models have a moderately similar magnitude performance in
the frequency range limited by the road excitation but show an alike performance within the other
frequency values, proving the assumption stated and corroborating the literature review conclusions.
Given another excitation, with an alternative frequency distribution, the disparity between the systems
will be proved more apparent.

As the three systems describe a positive magnitude peak in the performance frequencies, the aim of the
project will be to diminish the peak by introducing several altered models that will have a divergent
operation.

4.5.2. New Models

Examining all the achieved results and conclusions, 5 new models are introduced and the analysis
process is repeated with all of them in order to compare their performance with the initial systems and
to establish if any of them improves the general operation of In-Wheel Motor vehicles.

The following figures illustrate some drafts of each system physical representation and their
corresponding block diagram.
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Figure 36. New Design 2 Physical and Block representation

Figure 37. New Design 3 Physical and Block representation
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The selected values for the physical parameters of each New Design (ND) are expressed in the table
below. They all have been picked considering the analysed papers and with the objective of resembling
the models to actual vehicles in a proper manner.

Table 4. New Models parameters

m: (Kg) mz2(Kg) ms(Kg) ma(Kg) ki (KN/m) ka2 (KN/m) ks (KN/m) ka (KN/m) ks k(N/m) c1 (Ns/m) c2 (Ns/m) c3 (Ns/m) ca (Ns/m) cs (Ns/m)

SIWM
ND2
ND3
ND4
ND5
ND6

50 325 30 - 300 275 32 - - 50 1500 250 - -
40 325 20 20 300 275 1000 1000 32 50 1500 0 0 50
50 325 30 - 300 275 32 - - 50 1500 250 -
30 325 30 20 300 275 32 500 - 50 1500 250 25
60 325 20 - 300 275 300 - - 50 1500 50 - -
30 325 10 40 300 275 32 500 500 50 1500 250 25 25
ND2
Bode Diagram ND3

ND4 |
ND5

|

Magnitude (dB)

Frequenéy (Hz)

Figure 41. New Models Bode Diagram

As shown in the figure above, the New Design 2 demonstrates a clearly apparent amplitude reduction
in the displacements of wheel, motor and axis. This suggests that this model could be of use in the
project aims of vibration condition improvement. To deepen into more detailed results, the simulations
will be repeated with this model but variating some of its parameters, with the intention to optimise
them and specify the best operational setup.

5. Presentation of analytical results/descriptions of final
constructed product

Once the most well-behaved model has been selected, the analysis will continue focusing on that
system.

The simulation will be repeated while changing some of the mechanical parameters as shown in the
following table. The difference that this structure presents is that it includes a stiffness and damping
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system that facilitates the motor isolation between the tire and the hub. Since the additional isolation
technique is the important factor of this novel design, the further research performed by the analysis
repetition will study the performance alteration while variation the isolation coefficients ks, ks, cs and

c4. The taken values for the parameters are expressed in the following table.

Table 5. New Design 2 parameters variation

ks (N/m) ks (N/m) ca(Ns/m) ca (Ns/m)
ND2 10 10 0 0
ND21 | 5-10° 5-10° 0 0
ND2 2 10° 10° 50 50
ND2 3 10° 10° 0 0
Bode Diagram

ND2

ND2 1
ND2 2
ND2 3
SIWM

Magnitude (dB)

1.5

1
Frequency (Hz)

Figure 42. New Design 2 Variation Bode Diagram

W

From the results, it is established that the damping coefficient variation does not affect the system
operation, as the original model and the second variation have superimposed outcomes, and that the
higher values of the stiffness coefficients ks and ks produce a better performance in relation to tire,
motor and axis displacements, decreasing their amplitude response, but increases considerably the

vehicle body displacement.

In order to reduce this phenomenon, the consideration of a higher stiffness coefficient between the axis
and the body, k» (suspension), is presented and studied. The new proposed model will work with the

following values.
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Table 6. Final Design Parameters

ks (N/m) ks (N/m) c3 (Ns/m) ¢4 (Ns/m) ko (KN/m)

ND2 4 106 10 0

Bode Diagram

0 275

|
|

Xy

Magnitude (dB)

Xq

0.5 1 1.5

Frequency (Hz)

Figure 43. Final Design Bode Diagram

Therefore, this model fits into the project objectives and improves the original SIWM drive vehicle.

5.1. Final Design Description

After the progression through all the analysis of the introduced
systems and models, the results obtained from the last
optimisation show that the second proposed design improves the
general performance of the vehicle by adjusting some of its
parameters. The setup includes a damping and stiffness system
that mainly isolates the stator from the rotor and the hub. To
increase the isolation behaviour, the parameters that affect the
rigidity between rotor and stator (ks) and wheel and axis (ki) have
been chosen of great magnitude: 1 MN/m.

As the structure increased the body vehicle movement, the notion
of analysing the suspension system (k. and c) of the vehicle was
considered. It was deducted that an increase of the stiffness
parameter ko enhance the body displacement response while
maintaining the previous improvements.

Figure 44. Final Design CAD Sketch

To create a more visual representation of the final design, a Computer Aided Design software
(SolidWorks) was used for the sketch implementation of the model.
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6. Discussion and conclusions

This report has presented the design process of an improved drive structure for the reduction of
vibrations in Electric Vehicles with an In-Wheel Motor Drive.

During the course, the different performances of various mechanical systems have been exposed both
in time and frequency domain. That double representation was guided during the project by the
importance of the excitation frequency spectrum, clearly showing that frequency distribution affects
how the systems performance is seen in the time domain representation.

Also, the Bode plot allowed to clearly demonstrate if the new proposed designs had a beneficial or
detrimental operation in relation to the original systems. That means, if the displacements exhibit a
positive or negative amplitude, in dB, and it what rate they are modified.

Working within the excitation frequency spectrum dominance range, the models where classified by
their best operation in that frequency peak, disqualifying those with a worse performance.

During the simulation analysis, the influence of the different mechanical parameters was also examined
and it was concluded that in every system only the stiffness coefficient variation presented an evident
alteration in the dynamical response. That is the reason why the final analysis where only focused on
that parameter optimisation.

After the examination of all the data obtained from the project analysis and tests, the final proposed
design achieves the initial project aims and objectives satisfactorily.

It can be concluded that an isolated design can reduce the vibration phenomenon while a road surface
excitation is applied to the vehicle.

6.1. Further Research

Although this project has presented a novel In-Wheel Motor drive setup, it would be necessary to work
on further research in order to validate the model and obtain experimental outcomes. It would be
encouraging to obtain more information from a different working area by physically constructing the
final design and reproduce the tests as to attach more data to the final conclusion.

Considering also the physical development of the project, the space optimisation and component cost
could be of great interest as supplementary research. This could include the consideration of possible
fitting elements that would create the physical structure of the proposed design. In addition, an
optimisation of their physical and economic factors (material, form, weight, price, ...) would improve
the complete development of the project aim.
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7. Project management, consideration of sustainability and
health and safety

7.1. Project Management

The project followed a building blocks method extended in paragraph 3, including a forward and
backward feedback procedure were the initial background were used to develop the proposed designs
and to foresee the outcomes, and those obtained results were evaluated and used to rebuilt the design
plan and final concept. That way, this report is complete and embraces all the steps that made the final
design proposition the most optimal one for the project initial requirements.

To provide the project management with a visual representation of the duration times taken for each
activity, a Gantt Chart was created. It is divided into 5 main activities that are fulfilled while developing
a series of tasks. The duration of each task was overestimated in order to have a timeframe that could
assure the project completion on time even if there were unexpected delays. Also, the schedule was
readjusted during the course of the year with the aim of regulate the project structure with the course
variations and make the schedule more realistic to the circumstances.

The next page shows the Gantt Chart divided by the two main stages: Term 1 (Right) and Term 2 (Left).

Adhering to this, weekly meetings with the supervisor were held in order to maintain a continuous
progress and resolve any incoming inconvenient.

As this project did not require the use of any machinery or equipment, there was no need of foreseeing
their utilization and, therefore, their possible booking delays.

7.1. Health and Safety

As the completion of this project has only been made through computational analysis, the Health and
Safety regulations are limited and do not reference to many areas.

One of the main health considerations is to respect the regulations while working with computers for
an extended time [14]. This directive secures the issue risk prevention and has been followed during the
working hours with the computer.

Also, considering that the majority of the working stage where completed in my own working location,
it was important to assure that the environment was safe and was provided with anything necessary in
case of any hazard to occur. Since every building and location has its own health and safety regulations,
they all have been acknowledged before the beginning of the project and respected during the complete
duration of the development.
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In relation to the project accomplishment, the following risk matrix has been created in order to
introduce any possible situation that could affect the project development.

RISK
RISK CONSEQUENCE ASSESMENT |  PREVENTIVE ACTIONS

The project would not be
convenient to amend the MEDIUM
existing designs

Concentrate the project objectives
in the weaker aspects of the actual
design so they can be improved

The proposal could not
have enough advantages

) The final conclusions Increase the research sources
The scope of the project could be too general for HIGH in order to obtain a clear
is poorly defined the purpose of the project vision of the project
The software used for ) o It would be necessary to look
the first simulations | The project objectives could | MEDIUM for another software or to
could not be adequate not be achieved change the project objectives
The project fails to ] Assure that the project plan
adjust to the project The project could come HIGH organization is realistic and
organisation schedule unfinished to the deadline being followed

7.2. Sustainability

Although the project does not have any direct sustainability consequences, because there was no
prototype manufacturing, the main purpose of the entire presented work has a clearly sustainable
perspective.

As it has been exposed through this report, the main purpose of the project was to develop an improved
system that could be used for the increasing Electric Vehicles business and production. Looking at the
sustainability description through it main factors (environment, economy and society), the importance
of the development of Electric Vehicles seems clear. The use of an electric motor instead of a
combustion one has proven results of reducing the carbon footprint of vehicle utilisation, being much
more environmentally friendly.

In relation to the direct sustainability importance, the reduction of the vibrations in the car supposes
money and time savings regarding maintenance and renovation. Besides, since the motor will work in
a higher efficiency situation, the energy savings should also be significance.
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