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Abstract

In this thesis, the design and the development of a novel camber angle control sys-
tem (CCS), applied on an electric prototype vehicle, is presented. The vehicle has a
simple indepedent suspension structure. Thus, each wheel is attached to the vehicle
body through an upper and a lower arm. After the installation of the CCS mechanism,
the upper arms of the front wheels could be translated horizontally, adjusting the cam-
ber angle of the front wheels. The Body Control Module (BCM) collects data from the
several vehicle sensors, applies appropriate lters and sends essential information to
the Central Control Module (CCM) of the vehicle. In the CCM, the major controller
of the system is being excecuted. The controller reads the yaw rate and according
to its current value, the desired camber angle is being calculated. The value of the
desired camber angle is being forwarded to the CCS servo through the BCM. Con-
forming to the theory, the proper camber angle adjustment could cause higher lateral
forces. Accordingly, an increase to lateral acceleration should occur. Based on that
hypothesis, simple circular maneuvers with constant longitudinal velocity and steering
angle were designed for the mathematical proof of concept. In addition, a sinusoidal
steering maneuver was designed as experiment for a more qualitative validation of the
hypothesis.



1 Introduction

Nowadays, the cars are being designed and developed in a more sophisticated way from the
perspective of safety and optimized driving quality. The exponential technological develop-
ment has introduced a plethora of automations in the automotive industry. Several active
mechatronic systems has been proposed and developed for automotive applications, from os-
tensibly simple ones like the Lane Departure Warning (LDW) system, to more complicated
like Yaw Stability Control systems [9], four wheel steering systems, etc.

Generally, electronic systems function to control, measure, or communicate [10]. The
major categories of automotive electronic systems include

1. Engine/power train control
. Ride/handling control
. Cruise control

. Braking/traction control

. Power steering control
. Occupant protection

2
3
4
5. Instrumentation (instrument panel)
6
7
8. Entertainment

9

. Comfort control

10. Cellular phones

1.1 Lane Departure Warning (LDW) system

The lane departure warning (LDW) system uses a camera to monitor the vehicle position
with respect to the road lanes (Figure 1). When the vehicle is about to leave the recognized
lane, a warning is provided to the driver. A commercial product of this system has been
developed by lIteris Inc and it is called AutoVue. Using image recognition software the
computer of the AutoVue unit can predict when the vehicle drifts towards an unintented
lane change and emits a speci ¢ sound, alerting the driver for the situation.

1.2 Yaw Stability Control system

The response of the vehicle on the driver inputs could be di erent in relation with the friction
provided by the road surface. A wet road with low friction coe cient could make a vehicle
follow a trajectory with larger radius than the desired one (upper curve in Figure 2). The
same result could be occured on a dry road, if the driver accelerates the vehicle in high
speed. On the other hand, a dry road with high friction coe cient in combination with
normal driver inputs, could provide high lateral force that keep the vehicle in the desired



Figure 1: Line Departure Warning (LDW) System [9]

trajectory (lower curve in Figure 2). The function of the yaw stability system is to restore
the yaw velocity of the vehicle as much as as possible to the nominal expected by the driver.
If the friction coe cient is extremely small, then the yaw stability control may not be able

to fully restore the motion, but in some cases it will make it partially (curve in the middle of
Figure 2). Known types of yaw stability control are the di erential braking, which utilizes
the ABS system of the vehicle to restore the yaw moment, the steer-by-wire system, which
applies corrections to the driver's steering commands, the active torque distribution, which
utilizes the active di erentials and all wheel drive technology to independently control the
torque transmitted to each wheel in order to restore the yaw moment.

1.3 Rear-axle steering

Active control systems are also popular in commercial sports cars. An innovative four wheel
steering [8] system has been introduced by Porsche and is applied on the commercial model
911 GT3 (Figure 3). At low speeds, the system steers the rear wheels in the opposite direction
to that of the front wheels. Such steering command o ers higher exibility in negotiating
tight corners due to the turning circle reduction. At higher speeds, the system steers the rear
wheels in the same direction as that of the front wheels. Thanks to this virtual extension of
the wheelbase, driving stability and agility are increased.



Figure 2: Yaw Stability Control system [9]

1.4 Drag reduction system

Formula 1 teams are pioneers in the elds of prototyping and innovation regarding the active
control systems. The Drag Reduction System (DRS) is a popular system that was allowed
by FIA in 2011. The DRS allows a F1 car to travel in higher speeds during acceleration
and increases downforce during braking by adjusting the rear wing angle. In slower Formula
cars, like the Formula SAE vehicle, the DRS can be used for the cooling system, as described
in [13].

1.5 The objective

The systems described above are only few of an enormous list of control systems developed in
automotive industry. A plethora of active systems in this list are not intended to be applied
only on human driven cars. They would be essential control systems for the industry of self
driving cars.

In this thesis, the design and the development of an active control mechanism as part of a
prototype vehicle suspension system is studied. Generally, the objective of the system is the
improvement of car behaviour while travelling through corners. This has been achieved by
actively adjusting the camber angle of the front wheels. The desired camber angle is de ned
by using the yaw rate measurement from the vehicle sensors. The major goals of this thesis
are:



Figure 3: Porsche 911 GT3

the construction of the designed camber angle control mechanism,

the mathematical modelling of the prototype vehicle lateral dynamics,

the characterization of the prototype vehicle by performing appropriate experiments,
the validation of the mathematical model using experimental data,

the proof of concept, assuming that the proposed system will increase the lateral ac-
celeration in cornering maneuvers.



2 Literature study

For a better understanding of the vehicle lateral dynamics mathematical modelling, some
essential de nitions regarding the vehicle body, the chosen coordinate systems, the tyre
forces, the suspension system and the camber angle, should be given.

2.1 Lumped mass

A vehicle consists of several di erent components distributed within the area de ned by its
body. For many of the elementary analyses, all the components are assumed to be moved
together during the car maneuvering. Thus, according to [2], the vehicle could be considered
to behave as a lumped mass located at its center of gravity (COG) position. The point
mass at the COG point is considered to be dynamically equivalent to the vehicle itself for all
motions in which it is reasonable to assume the vehicle to be rigid. There are some cases, in
which the wheels should be treated separately. In those cases, the lumped mass representing
the body is the "sprung mass", and the wheels are denoted as "unsprung mass".

2.2 Coordinate system

For the analysis of the vehicle movement, or in general the study of vehicle dynamics, a
proper coordinate system should be used. Such a system is presented in Figure 4. The
longitudinal movement is taking place across the x-axis, the lateral movement across the
y-axis, and the vertical one across the z-axis. The rotation of the vehicle body around the
x-axis is called roll angle. The rotation of the vehicle body around the y-axis is called pitch
angle. The rotation of the vehicle body around the z-axis is called yaw angle.

2.3 Tyres forces

One of the most important components in the study of the vehicle lateral dynamics is the
tyres. The forces for accelerating a car in horizontal plane originate principally at the tyres.
In addition, tyres are the source of the forces which are necessary to handle the car on a
desired trajectory during cornering maneuvers. For the purposes of this thesis, only the
lateral behaviour of the tyres will be studied and analyzed.

In accordance with SAE J670 [4] terminology, regarding the tyre section, the total force
and moment exerted on the tyre by the road can be represented by three force components
and three moment components. The components for both force and moment are depicted
in Figure 5, in which the Z-UP coordinate system is presented. As shown, all the forces
originate at the center of the tyre contact with the road. Each force follows the direction of
the related axis, while each moment direction can be de ned by using the right hand thumb
rule around the related axis.

As shown in Figure 8, there is a non linear relation between the slip angle and the lateral
force of the tyre. Though, if the slip angle is small enough, then the relation could be
considered as linear. All the slip angle values, for which the lateral force curve has constant
slope, create a region which is called elastic or linear [14]. In that region, the relation between
the lateral force and the slip angle is expressed by the Equation 1.



Figure 4. Three dimensional coordinate system

Fy = Ca (1)

Where F, is the lateral force, is the slip angle andC expresses the tyre cornering
sti ness, which mathematically represents the slope of the lateral force curve in the linear
region.

A negative cambered wheel can provide greater lateral force through its tyre. As presented
in Figure 9, this additive lateral foce is not linear in the transitional region. On the other
hand, as described in [7], the cambered tyre additive lateral force occurs from the Equation
2.

Fy =C (2)

WhereF, is the lateral force due to the camber angle of the wheel,is the camber angle of
the wheel andC represents the camber sti ness of the tyre. Finally, the total latera force of
the tyre in the elastic/linear region equals to the summation of the lateral force due to the
tyre slip angle and the lateral force occured due to the camber angle of the wheel (Equation
3).

F,=C +C 3)



Figure 5: Tyre force and moment nomenclature Z-UP [4]

2.4 Suspension systems

A suspension system allows the wheels movement with respect to the vehicle body. Thus,
a good suspension system can provide better handling to the car and at the same time, it
can o er a more comfortable ride to the passengers of the vehicle. A generic classi cation of
the suspension systems introduces two major categories, the dependent and the independent
suspensions [3].

Using a dependent suspension, the motion of a wheel on one side is related to the motion
of its partner on the other side. Thus, if the wheel on one side travels vertically due to a bump
or a pot-hole, then the e ect of that movement gets transmitted directly to the wheel partner
on the other side. Using an independent suspension, each wheel behaves independently from
its pair. So, a disturbance at a wheel on one side is not transmitted to its partner on the
other side.

2.4.1 Dependent suspension

The dependent suspension system is not so commonly used on passenger cars anymore
because especially nowdays automotive industry tends to equip cars with more sophisticated
structures based on the safety and comfort. Though, this suspension type is simple in
construction and almost completely eliminates the camber change thereby reducing tyre
wear. That is the reason they are still in use and they are more common at the rear of front-
wheel drive light commercial and o -road vehicles. The most known dependent suspension
systems are theHotchkiss rear suspensior(Figure 6a) and the Trailing arm - rigid axle



suspension(Figure 6b).

(a) The hotchkiss rear suspension [3] (b) The trailing arm - rigid axle suspension [3]

Figure 6: Two common types of dependent suspension systems

2.4.2 Independent suspension

On the other hand, independent systems are the most common type of suspensions used in
all types of cars, including racing cars. They have bene ts in packaging ang give greater
design freedom, when compared to dependent systems. Due to their independency, they
are more suitable for active system applications, which is a trend in automotive industry
nowadays.
The most popular independent suspension systems are tMacPherson strut (Figure
7a), the Double wishbond&igure 7b), and the Multi-link suspensionFigure 7c). All of them
are used for both the front and the rear wheels of a car. Other independent suspension
systems are theTrailing arms (Figure 7d), the Swing axle¢Figure 7e) and theSemi-trailing
arms(Figure 7f). Those suspension systems are commonly used for the rear wheels of a car.
The suspension system of the prototype vehicle used for the purposes of the thesis is
mostly similar to the independent double wishbone structure. The only di erence is that
instead of the upper wishbone, there is a single arm that keeps the upper part of the wheel
attached to the vehicle body. A more detailed analysis of the prototype vehicle suspension
system is presented in Chapter 4.

2.5 Camber angle de nition

As described in [2], camber angle is de ned to be the inclination of a wheel outward from the
vehicle body. A wheel could have non zero camber angle (with respect to the vehicle body)
due to the con guration of the suspension system. Furthermore, a wheel may gain camber
angle (with respect to the ground) when the vehicle travels through a corner and the body
has non zero roll angle. Finally, the total wheel camber angle with respect to the ground is
given by the Equation 4.

g= bt (4)



(a) MacPherson strut [3] (b) Double wishbone [3] (c) Multi-link [3]

(d) Trailing arms [3] (e) Swing axles [3] (f) Semi-trailing arms [3]

Figure 7. Common types of independent suspension systems

where:
¢ = Camber angle with respect to the ground
p = Camber angle of the wheel with respect to the vehicle body

= Roll angle of the vehicle

2.6 Negative camber angle con guration

Since camber angle is de ned to be the inclination of a wheel outward from the vehicle
body, it is following that this inclination is considered as positive. On the other hand, if the
inclination of the wheel is inward to the vehicle body, then the inclination is considered to
be negative. Thus, the suspension system con guration in Figure 11 is known as Negative
Camber. While the the suspension system con guration in Figure 12 is known as Positive
Camber. Of course, there is also the Neutral Camber con guration shown in Figure 13, when
the wheels are in parallel with the vehicle body.



Figure 8: Lateral force vs slip angle for a racing tyre [14]

Figure 9: Camber thrust and camber roll-o at constant load [14]
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Figure 10: Total camber angle of the wheel with respect to the ground

Figure 11: Negative camber con guration
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Figure 12: Positive camber con guration

Figure 13: Neutral camber con guration
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A lot of research is related to the camber angle control. In the majority of the publicated
research the e ects of the camber angle adjustment on car handling or the e ectiveness of
camber angle adjsutment mechanism are studied. Thus, in the related publications, the
control algorithm has not been explored extensively.

2.7 Study on the e ects of camber control on vehicle dynamics

In publication [15], the e ects of camber control on vehicle dynamics have been studied. Two
prototype vehicles were used for experimentation, a remote control model car (right image
in Figure 15) and a one seater car (left image in Figure 15). During the experimentation,

camber angle were being adjusted for all four wheels of the cars proportionally to the steering
angle, according to the relation of the Equation 5.

1
= — 5
c Ne H ( )
Where . is the camber angle of the model cary is the steering angle andah, expresses
the camber angle gear ratio of the mechanism. For the mathematical modelling of the vehicle,
a nonlinear two-track model along with a nonlinear tyre model were used. The two track

model is governed by the Equations 6-8.

mv(—+r) mghs® = Fy;+ Fot+ F2i + Fy (6)
I.r = a(Fyu+ Fio) B(F2 + Fa) (7)
| *+C +Kgs = mghgv(—+r) (8)

Where:
I,;1 represent the yaw and roll moment of intertia respectively,
m, mg is the vehicle total mass and the spring mass respectively,
is the slip angle,
;1 express the roll and yaw angle respectively,
hs is the center of gravity height of spring mass,

Fmn is the side force of each wheel (m=i,0 is inner or outer wheels. n=1,2 is front or
rear wheels),

C is the roll damping coe cient,
K s is the roll stifness,

v is the vehicle velocity vector

13



(a) Steering angle (b) Yaw rate

(c) Slip angle (d) Lateral acceleration

Figure 14. Computational results [15]

According to the commentary of the computation results in [15], when the proposed
camber angle system is disabled, with a step steering as input 14a, the body slip angle
and lateral acceleration curves 14c, 14b are nearly the same as the threshold limit value at
which a steady circular turn can be maintained through moment method analysis, when the
vehicle has settled into a steady state. From this, it is evident that the cornering limit is
simulated. When ground negative camber angle control that is proportional to the steering
angle is implemented, convergence of the yaw rate and body slip angle is improved compared
to when it is not implemented, and the vehicle swiftly settles into a steady state. From
the lateral acceleration circular maneuver results, when the camber angle control system
was disabled, the lateral acceleration limit at the steady state was 0.8 g. On the other
hand, when ground negative camber angle control that is proportional to the steering angle
was implemented, this limit at the steady state improved to 0.9 g. Thus, cornering limit
performance is signi cantly improved with the camber angle adjustment system enabled.

According to the experiments results, where negative camber control proportional to
steering(+ 20°) was implemented, lateral acceleration improved by approximately 0.10-
015 g (Figure 16), as compared to the case in which no control was implemented. Moreover,
when camber angle control was implemented, the speed was 2.3 m/s, whereas the speed
was 2.1 m/s for the case in which no camber angle control was implemented, indicating an
improved potential cruising speed during cornering.
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Figure 15: The prototype vehicles used for the experiments of research [15]

Figure 16: Experimentation results of the research [15]

2.8 Prototype hydraylic mechanism for camber angle adjustment

In publication [1], a prototype hydraylic mechanism for the camber angle adjustment is pro-
posed. The mechanism is applied on a typical double wishbone suspension. The crankshaft
is jointed to the vehicle body while its sides are attached to the upper wishbone. Two hy-
draulic cylinders adjsust the camber angle by rotating the crankshaft as shown in Figure
21.

2.9 Wheel suspension with automatic camber adjustment

In patent [11], a pure hydraulic system is presented for controlling the camber angle of the
wheels. In accordance with the invention, provision is made, for example, that hydraulic
master cylinders be arranged between the chassis and the oscillating or swinging wheel up-
rights or suspension elements (suspension arms), the working spaces of these cylinders being
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mutually cross-coupled and the cylinders controlling slave cylinders on the upper suspension
arms thereby producing a compensating e ect for any alteration in the wheel camber in
dependence on the rolling movement of the chassis.

Two alternative con gurations are presented. According to the rst proposed con gura-
tion, a slave cylinder is placed on the upper arm of each wheel. In this way, each master
cylinder controls its paired slave cylinder, adjusting the camber angle of the wheel related
to. In Figure 17, the descripted con guration is presented from the rear view of the vehicle,
while it is in a steady state. In Figure 18, the descripted con guration is presented from
the rear view of the vehicle, while its body has a non negative roll angle. As expected, the
wheels have zero camber angle in both cases, so the grip is maximized.

According to the second alternative con guration, presented in patent [11], there is no
cylinder on the upper arm of the wheel. There is a single slave cylinder connected to vertical
rotating tie rods, on which the upper arms of the wheels are attached. Both master cylinders
control the slave one, adjusting the camber angle of the wheels. In Figure 19, the descripted
con guration is presented from the rear view of the vehicle, while it is in a steady state. In
Figure 20, the descripted con guration is presented from the rear view of the vehicle, while
its body has a non negative roll angle. As expected, the wheels have zero camber angle in
both cases, so the grip is maximized.

Figure 17: Camber angle adjustment mechanism proposed in publication [1]
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Figure 18: Camber angle adjustment mechanism proposed in publication [1]

Figure 19: Camber angle adjustment mechanism proposed in publication [1]

2.10 Active camber and toe control strategy for the double wish-
bone suspension system

In this paper [5], a control mechanism is presented for camber angle adjusting when a car
travels over bumps and potholes. A quarter car physical model was used for the experimen-
tation and simulation of the system. The simulation result shows an improvement of 58% in
camber and 96% improvement of toe characteristics. A prototype of the proposed system is
developed and subjected to the same test as the simulation system. The prototype achieved
an improvement of 46.34% in camber and a 93.35% in the toe variation of the active system
over the passive system. Further, the prototype was able to achieve 89% of camber reduc-
tion and 45% of toe reduction with respect to the simulation. The testbed of the system is
presented in Figure 22. As shown in Figure 23, the control system signi cantly inproved the
camber angle curve in relation to the passive system response, while 0 degrees of constant
camber angle is the desired curve (blue line in Figure 23).
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Figure 20: Camber angle adjustment mechanism proposed in publication [1]

Figure 21: Camber angle adjustment mechanism proposed in publication [1]
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Figure 22: Camber angle adjustment mechanism proposed in publication [5]

Figure 23: Camber angle response of prototype [5]
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3 The proposed system

3.1 The prototype vehicle

Figure 24: The prototype vehicle modules

The prototype vehicle used for the purposes of this thesis, consists of many modules as
shown in Figure 24. A short description of the vehicle main parts follows:

the main battery of the system is located on top of the rear suspension system,

the electric motor the vehicle propulsion system is located on the right side of the
chassis,

the electric motor controller is right above the motor,
the speed sensor with its rotary wheel is located in front of the electric motor,

the camber angle control mechanism is installed on the rear side of the vehicle front
suspension,

the camber angle control servo is located right behind the vehicle front suspension,

both the central control module and the body control module are attached on top of
the vehicle
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3.2 Specifying the position of vehicle's center of gravity

The vehicle's center of gravity (COG) position is an essential part of the vehicle dynamics
study. It is considered to be the point of the vehicle where all the forces are applied to.
Thus, the speci cation of the exact COG position is crucial for modelling and simulating
the vehicle behaviour.

3.2.1 The COG longitudinal position

Figure 25: Specifying the longitudinal position of COG

For the speci cation of the COG longitudinal position, it is necessary the front axle
weight (W) as much as the rear axle weightW,) to be measured. Each axle weight causes
a ground reaction. As shown in Figure 25V causes the ground reactiofr; and W, causes
the ground reactionF,. W is the total weight of the vehicle, it is the summation ofW; and
W, and is applied to the COG point.

Since the vehicle is being on a steady state, the summation of the forces, in the vertical
direction, equals to zero. Moreover, the summation of the moments around any point (i.e
point A, Figure 25) should be zero. Thus

MA:0

) Ff L W Lp=0

Fr L
) Lo= —\y (9)
Also
JFe) = jJWi]
L=L,+ Ly (10)
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Where, L is the wheelbase of the vehiclé,, is the distance between front axle center and
COG position, andLy, is the distance between rear axle center and COG position. Finally,
using Equation 9 and Equation 10, the quantitied , and L, could be speci ed.

3.2.2 The COG lateral position

Figure 26: Specifying the lateral position of COG

For the speci cation of the COG lateral position, it is necessary the vehicle left side
weight (W)s) as much as the vehicle right side weightW,s) to be measured. Each side
weight causes a ground reaction. As shown in Figure 28/, causes the ground reaction
Fis and W,s causes the ground reactiofir,s. W is the total weight of the vehicle, it is the
summation of W;; and W,s and is applied to the COG point.

Since the vehicle is being on a steady state, the summation of the forces, in the vertical
direction, equals to zero. Moreover, the summation of the moments arount any point (i.e
point A, Figure 26) should be zero. Thus

MA =0
) F|s Tf W T|S =0
_ I:Is Tls
) b= o (12)
Also
iFisi = W]
L=Te+ T (12)
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Where, Tf is the front wheels tread,Tis is the lateral distance between the front left
wheel and COG position, andT,s is the lateral distance between front right wheel and COG
position. Finally, using Equation 11 and Equation 12, the quantities\s and T,s could be
speci ed.

3.2.3 The COG height from the ground

Figure 27: Specifying the height of COG

For the calculation of the COG heigth icog) from the ground, it is necessary the front
or the rear axle of the car to be lifted to a known heightil ), as shown in Figure 27. Again,
the vehicle is set on a steeady state with the front axle lifted. Therefore, the summation of
forces ( Fyericar ) IN the vetical direction equals to zero. Also, the summation of moments
(i.e around point A M,) around any point equals to zero.

Fverica =0) Fr+F W=0) F=W F (13)
MA=0) Ff AG W AB =0 (14)

AG = L cos(E/QB)€=a
EAB = : ) AG=L cos (15)
WY F L cos W AB =0 (16)

ED = BC 2
ED =(hewg R) sin(EJ\D); ) BC=(hw, R) sin (17)

EJD =
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9
AC = L, coJEAB)=

AC = L, cos 18
iy ) . (18)
9
AB = AC BCsz
(17) S) AB =L, cos (heg R) sin (29)
(18) !

16)S F L cos W (Lp cos (hewg R) sin )=0

F
) heog = (55

Using Equation 20, the height of COG position from the ground could be calculated.

L Ly cot +R (20)
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3.3 The vehicle electronics

For the development of the proposed active control system, several electronic components
were necessary. Sensors were used to collect essential measurements like the vehicle velocity,
yaw rate, steering angle, throttle command etc. In addition, some actuators were needed
as much for the normal movement of the vehicle like steering and acceleration as for the
extended functionality of the camber angle adjustment. Moreover, two electronic control
units were chosen for the sensors data processing and the manipulation of the actuators.

3.3.1 The electronics structure

Figure 28: The electronics structure

In Figure 28, the structure and the data ow of the electronic system are depicted. As
shown, the system consists of two Electronic Control Units (ECUSs), the actuators and the
sensors. The primary ECU is called Central Control Unit (CCM), while the secondary one
is called Body Control Module (BCM).

The sensors raw data are being received by the BCM, which applies Iters to them and
creates some necessary data structures. Furthermore, in the BCM, simple controlling soft-
ware is being excecuted for some basic functionalities like prede ned automated maneuvers.

The structured data from the BCM is being passed to the CCM, in which the main
controller of the system exists. The data is being processed by the main controller and when
a desired body camber angle is calculated, it is being passed as a command to the camber
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angle control servo through the BCM. At the same time, all the Itered/structured data,
including the output of the main controller, is being saved to the storage of the CCM.

3.3.2 The primary ECU - Central Control Module (CCM)

Figure 29: Raspberry pi 3 model B+ - The Central Control Module (CCM)

For the implementation of the Central Control Module, the micro-computer Raspberry
pi 3 model B+ (Figure 29) was used. The main charasteristics of the Raspberry Pi are:

processor Broadcom BCM2837B0, Cortex-A53 (ARMv8) 64-bit SoC @ 1.4GHz,
main memory 1GB LPDDR2 SDRAM,

power input 5V/2.5A DC,

4 USB 2.0 ports,

Micro SD port for loading the operating system and storing data

Raspberry pi was selected as the primary ECU because it is a reliable product, it has a
powerfull processor for the needs of the project and it can log a big amount of data in its
external micro SD card.

3.3.3 The secondary ECU - Body Control Module (BCM)

For the implementation of the Body Control Module, the micro-controller Arduino Mega
2560 Rev3 (Figure 30) was used. The main charasteristics of the Arduino are the following:

microcontroller ATmega2560,
input Voltage (recommended) 7-12V,
input Voltage (limit) 6-20V,

digital 1/0 Pins 54 (of which 15 provide PWM output),
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Figure 30: Arduino Mega 2560 Rev3 - The Body Control Module (CCM)

analog Input Pins 16,
interrupt pins 4

The Arduino Mega 2560 Rev3 was mainly selected because it has many digital I/O pins and
also because it has 4 interrupt pins.

3.3.4 The vehicle Inertial Measerement Unit(IMU)

The inertial measurement unit (IMU) (Figure 33c is the most essential part of the vehicle,
since the camber angle control is mostly based on data coming from the IMU gyroscope and
accelerometer. The MPU 6050 was used as the IMU of the car and its speci cations follow:

power supply: 4.3 - 9V,
communication protocol: 12C,
gyroscope range: +/-250, +/-500, +/-1000, +/-2000 degs/s,

acceleration range: +/-2g, +/-4qg, +/-8g, +/-169g

3.3.5 The vehicle electric motor

For the vehicle movement, the electric dc motor of Figure 31b was used, mostly because of
its simplicity and the low cost.
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