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Abstract

For today’s automated vehicles and robots’ technologies in driving dynamics, the elasticity in movements has a critical role.
These movements can be simulated by using some platforms which are staying on balance. It is possible to perform a few
linear and angular movements according to the platform model. The purpose of this study is to provide an independent
drive and keep the carrier shaft on balance while the vehicle is on the move. The steering system on the vehicle has been
specialized and a balancing platform on the vehicle has been achieved to keep the balance. The vehicle in this study has
four wheels and they; all have been independently designed and controlled for the requested rotation. Ackermann Steering
Geometry has been used for calculations of wheel angles. In this study, the Stewart platform which has a 3x3 connection
model and parallel structure has been designed. It is possible to make different linear and angular moves with this model
of the platform. The steering system and platform designs have been mounted as one unit of the structure by assembling.
The system can be operated manually and automatically. A mobile application has been also developed to monitor the
status of the system. After all, using MATLAB simulation, its made phase space limit control of the orientations of the
platform'’s center point relative to the x, y, and z axes has been studied.

Keywords: Stewart Platform, Independent Four-Wheel Steering System, Control Theory

DORT BAGIMSIZ TEKERLEKLI MOBIL STEWART PLATFORMUNUN TASARIMI
VE KONTROLU

Ozet

Giiniimiiziin otomasyon ve robot teknolojilerinin siiriis dinamiginindeki hareketlerinin esnekligi kritik role sahiptir.Bu
hareketler, hareketler sirasinda dengede kalan bazi platformlar kullanilarak simiile edilebilir. Bunlara ek olarak,
dengeleyici platformlarin eglence ve mekansal hareketler alanlarinda da siklikla kullanildigi gériilmektedir. Platform
modeline gére birkag lineer ve agisal hareket yapmak miimkiindiir. Bu ¢calismadaki amacimiz, arag¢ hareket halindeyken
bagimsiz bir tahrik saglamak ve tagsiyici safti dengede tutmaktir. Arag tizerindeki dengeyi saglamak icin direksiyon sistemi
ozellestirildi ve arag iizerinde dengeleme platformu ile dengeleme basarti ile saglandi. Bu calismadaki prototip arag dort
tekerlege sahiptir ve bunlar; tiimii, istenen déniis icin bagimsiz olarak tasarlanmis ve kontrol edilebilirdir. Tekerlek
agilarinin hesaplanmasinda Ackermann direksiyon geometrisi kullanilmistir. Calismada 3x3 baglanti modeline ve paralel
yapiya sahip olan Stewart platformu tasarlanmigtir. Platformun bu modeli ile farkli lineer ve agisal hareketler yapmak
miimkiindiir. Direksiyon sistemi ve platform tasarimlari bir araya getirilerek yapinin bir birimi olarak monte edilmisgtir.
Sistem manuel ve otomatik olarak ¢alistirilabilir. Sistemin durumunu es zamanli olarak izlemek icin bir mobil uygulama
da ilave olarak gelistirilmistir. Son olarak, MatLab simiilasyonu kullanilarak, platformun merkez noktasinin x, y ve z
eksenlerine gére oryantasyonlarinin faz uzay limiti kontrolii yapilmistir.

Anahtar Kelimeler: Stewart Platformu, Bagimsiz Dért-Teker Siiriis Sistemi, Kontrol Teorisi
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1. Introduction

In the modern technology age, it is seen that many
studies have been carried out for the development of
mechanical systems. With the development of systems
that provide mechanical movement, parallel manipulator
types have also increased. Parallel manipulators provide
superior precision, robustness, stiffness, and load
capacity in excess of workspace generally and are used as
vehicle simulators, high-precision machine tools,
torque/force sensors, industrial robots and, etc. [1].
Additionally, parallel manipulators possess advantages
in terms of rigidity, large load-to-weight ratio, and high
acceleration [2]. Recently considerable effort was done
about the parallel manipulators. Some of them are
summarized in the literature as follows. Studies on
parallel manipulator mechanisms have been collected in
a book by Merlet [3] in a detailed way. Kii¢iik and Bingii
[4], working on linear parallel systems, developed
software called SIDED for simulation and design
purposes using MATLAB. In the software they developed,
it is possible to simulate linear parallel systems visually
on a linear skeleton model. Gosselin and Angeles [5]
made a simulation tool for reverse and advanced
kinematic calculations on three manipulations parallel
manipulators. Ulas [6], who developed a procedure on
parallel manipulators, worked in a structure that could
determine the geometric dimensions, working trajectory,
and bearing strength of the parallel manipulators in his
procedure. Mruthyunjava and Dasgupta [7] addressed
the troubles that occurred in Stewart Platforms. Gokcen
[8] designed the four-blocks mathematical model of the
3x3 and 6x3 Stewart Platform. These blocks are whole
consisting of advanced kinematics, inverse kinematics,
system, and dynamics. The software of the model has
been prepared and its results have been mentioned by
making simulations. The dynamic model of a mechanical
system relates forces and torques affecting the system
time-dependent to its position, speed, and acceleration.
The direct dynamic model is used for system simulation
when the inverse model is much more important in
system control [9]. In their study, David and Clifford [10]
designed a system that can make the steering angles of
the wheelchairs different so that they can provide more
functional movement. This system is managed with a
single mechanical drive provider. Burha [11] has
designed a vehicle driven from a double axle within the
scope of his master's thesis. For this vehicle, Burha has
created the kinematic design of a special-purpose
steering system. In this context, primarily the rotational
movement, the front axle parameters affecting the
rotational movement and steering systems are examined
and the angular wheel controls are provided according to
the Ackermann Geometry. In his book, Jeza [12] has
comprehensively examined vehicle steering systems and
provided suggestions. He noted that it is a great
advantage to reduce the turning radius of the vehicle by
providing different angles of the front and rear wheels.
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Pflug, von Glasner, and Povel [13] provided information
on the rotability of the rear axles of the vehicles. In the
study, the advantages gained by controlling the hydraulic
supported system electronically are mentioned. In their
article, Pillar and Braun [14] mentioned about
maneuverability and efforts to increase maneuverability,
which is one of the parameters that significantly affect
vehicle movement dynamics. They also emphasized the
importance of using sensors that can detect wheel angles
in vehicles. It was observed that the study provided 30%
efficiency to the vehicle maneuvering movements by
examining the usage areas of the system. It is stated that
it will be easier to drive and park special vehicles such as
garbage trucks, fire trucks, etc. in the city and agricultural
vehicles.

In the present study, a unique design was made and
"Independent Wheel System and Steering Gear System
(IWSSGS)" was used. In IWSSGS, the wheels are designed
to be able to move in all directions at the desired angle
independently or to move circularly around the
imaginary turning center (O) at the desired speed in
Figure 1.

Turning center (O)

§oroeril “

Figure 1. Rotation of the vehicle around O center

Maneuverability is an important feature for a vehicle. It
is also an important feature whether the wheel angles are
independent and controllable or not. In calculating the
steering angles, the speed factor of the wheels should be
calculated precisely in order to prevent unwanted jolts of
the vehicle while turning and to increase
maneuverability. The Ackermann Principle is the most
known and basic method which helps understanding the
kinematics of the steering system. The vehicle's wheel
rotation flexibility, vehicle size, driver and steering
configurations closely affect maneuverability.

According to the designed wheel system, a DC motor with
a reducer is used in the structure of each wheel to
provide a transport and movement system. Servo motors
are used to make the wheel system move back and forth
or to the left and right. While turning, the vehicle's wheel
and steering angles are calculated single-centered
according to Ackermann Geometry. Thus, the steering of
the vehicle has been made more functional and the
turning radius has been minimized. If this system is
adapted to cars, the system's individual functions can be
used to facilitate parking. In this study, the 3x3 Stewart
Platform model is used. According to this model, six
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pistons operate in relation to the crank mechanism
structure. Servo motors integrated into their structure
change the rotational motion to linear motion. Linear and
angular movements can be controlled by switching to
different control modes with the Stewart Platform.
Angular controls of the system are triggered by using the
balance function of the Stewart Platform placed on the
vehicle. The platform integrated on the vehicle is
constantly in balance according to the angle sensor data
used on the system. The main objective of the prototype
developed here is to enable a vehicle to move freely and
keep the platform on it in balance during this motion. In
the prototype vehicle within the scope of this study, all
wheels provide rotation in the desired direction
independently.

The remainder of this paper is organized as follows. In
the following section, the theoretical background is
given. Then, the methodology is mentioned. In the last
section, conclusions of this paper are given.

2. Theoretical Background

The idea of parallel manipulator flight training
simulations was suggested by Stewart in 1965 and was
named after the system designed [15]. This system
consists of six arms and twelve joints.

Figure 2. First Platform model suggested by Stewart [15]

With his work in designing this system, Stewart has
revealed that all the spatial points in the orbit can be
reached while the system is running. However, joints
remain fixed at the desired angle when the system is not
working [16]. There are some advantages and
disadvantages when parallel, serial, and hybrid model
mechanisms are compared (see Table 1).

Table 1.: Comparison table for parallel, series and hybrid

mechanisms.
Parallel Series
Mechanisms Mechanisms

There are multiple It consists of

links between the

consecutive joints.

start and the end.

Hybrid
Mechanisms

It has a special
bond structure
according to the
need. Serial and
parallel methods
are used together.

Working space is Working space is Working space
limited. very huge. can be shaped
according to the
purpose.
Powerful Weak There is a balance
of power
according to the
design structure.
Slow Fast The speed of the
system depends
on the design.
Complex Simple kinematic Complex
kinematic equations are kinematic
equations are used. equations are
used. used.
From the From the From the
beginning, errors beginning the beginning, errors
become the errors turn into are calculated
average error batch errors with equations
towards the tip towards the tip according to the
manipulator. manipulator. serial and parallel

3. Methodology

design parts of the
system towards
the end
manipulator.

Kinematic calculations according to Stewart’s 3x3 model
were used in this study. The description of spatial
movement changes of the model is done as well. The
system consists of two platforms which both have
geometrical shapes as equilateral triangles. One of the
platforms is fixed (lower platform) and the other
platform  (upper) performs spatial movements
responding to the objectives. Platforms are connected to
each other by arms of varying length using an inverse
kinematic analyzer with hemispherical joints named as
for lower and for upper platforms. The number of
connections between the platforms is three for each and
they are equal. The total number of arms is six (i = 1,2,3,
and j =1,2,3).
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Figure 3. Axis arrangement and translation vector of the
platform which is used in this study.

In Figure 3, the blue part is a fixed platform represented
by BM and green part located above is movable platform
represented by PM. The coordinate systems for the same
platforms can be given as BM (x, y, z) and PM (¥, y, z)
respectively. The position vectors of the connection
points for the BM (x, y, z) coordinate system (the lower
plate) is expressed by b; (i = 1..3) and similarly, for PM
(%, y, z) coordinate system (the top plate), the position
vectors of the connection points are expressed as pj (j =
1..3). Therefore the vector of piston PL; can be obtained
by Equation (1),

P—Ll) = BRP. 57 + ﬂ - _l;;
where U is a translation vector.

(1)

The tilting motion of the upper plate in three axes
relative to the lower plate is expressed by the 5R,
transformation matrix. The orientation of rigid bodies in
three-dimensional space is expressed by using the Euler
angle. In expressing the motions in three axes for the
Euler angle the terms elevation, roll and azimuth are
used frequently which also represent the rotational
movements performed in the direction of x, y, z axes
respectively. Based on this, we can define the rotations
around the x, y, z axes with the angles e, r, a respectively.
If these angles are applied to the system, the
transformation matrix 2R, becomes as given in Equation

(2);

cos(a) cos (r) cos(a) sin(r) sin(e) — sin(a) cos (¢) cos(a) sin(r) cos(e) + sin(a) sin (e)

BR, = |sin(a) cos (r) sin(a) sin(r) sin(e) + cos(a) cos (¢) sin(a) sin(r) cos(e) — cos(a) sin (e) (2)
—sin () cos(r) sin (e) cos(e) sin (e)
Therefore PL; is obtained as given in Equation (3).
_
PL, = |PL,-PL, (3)
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Equation (3) expresses the length of the ith piston. The
lengths for all pistons are calculated by performing these
operations. The values that meet the condition PL,,;, <
PL; < PLpygay are taken into the solution set. In the
Stewart Platform Mechanism, according to the change in
length (PLi) of the ith piston, the angles formed with
respect to the npi vector perpendicular to the fixed plate
and nyp; vector perpendicular to the moving plate are
respectively 6p,; and 6,; that are angles of a fixed
platform and movable platform in a given order.
Therefore, we can find the angle between joint and fixed
part Osi by using Equation (4);

-1 f’Lrﬁ?{

0,; = cos oL,

(4)

Also, for determining the angle between piston and
movable platform 6,: by using equation (5);

_q PLyBRy i,
— cos~1 ppj

6. .
pJ PL;

(5)

All the calculations related to this study were performed
by using the equations described above.

A design in 3x3 models has been considered and output
based on piston logic has been taken for the balance
platform and after the necessary mathematical
calculations, drawings were made by using the
SolidWorks software program. A 3D printing machine
was used to print the parts which are assembled
afterward. Servo motors are used to provide piston
movement, and a product has been manufactured with a
machine technique similar to a crank mechanism. In
order to ensure balancing the six mechanisms are
attached to the floor and the upper table that needs to be
balanced with ball joints. The x-y data taken from the
gyroscope card were recognized by the Arduino card to
the relevant mechanism and an additional stable result
was obtained. The carrier body was first designed, and a
body installed on the wheel was made to ensure the free
movement of the vehicle. During the design of the body,
the middle part of it was preferred for the Stewart
platform, which was previously finished, in order to
prevent the vehicle tipping problem due to the deviation
of the center of gravity. Hull and Stewart platform tests
have been done and software optimization has been
made until the most stable result is achieved. It is
planned to make a stable wheel rotation thanks to the
feedback from the servo motors which provide direct
support for the wheel to be mounted on the body.
Afterward, the servo inter-wheel fastener part was
drawn on SolidWorks and printed on a 3D printer. Tests
were carried out and Ackermann geometry was applied
on 4 wheels after the assembly process. The wheel
system created was mounted and the battery and card
system were placed in the center of gravity of the body.
The necessary software connection was established by
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using the Arduino card. Bluetooth communication is used
for remote control and data control via Android. The
control user interface in the Android application is given
[17] in Figure 4.

PANEL YANSIT - ANDROID

BAGLI CIHAZ ADRES] ==>

Figure 4. The user interface developed for prototype
control.

Working space

- 160mm - Moving platform

)
4smm

220mm

Figure 5. Working space of the platform (side view).

The working modes of the prototype were simply
described below.

Mode 0: The damping of angular movements relative to
the angle sensor is the mode that provides real-time
balance for the Stewart platform mechanism’s top plate.
As soon as the system starts up, it works with this mode
as default. x and y slope values are read at the lower part
of the platform with a fixed angle sensor and gyroscope
sensor operating according to the principle of
maintaining angular balance. It keeps the platform in
balance by making angular movements against these
values. The system performs this movement in 40 ms
periods and continuously updates the platform angle.
When mode 0 status is active, the balance mode is
activated. In inclined positions, the device automatically
stabilizes the top plate. In this case, the top plate becomes
parallel to the floor on which the vehicle is located. It can

be seen in Figure 6.
Stability mode: OFF 7t_' Stability mode: ON
,»/ .

(b)

Figure 6. Stability mode (Mode 0) off (a) and on (b) with
the status of the upper platform.

Mode 1: It is the mode that is affected by the angle of
deviation with respect to the z-axis when viewed from
the top, considering the O point as the center. Angular
movement deviates + 47 degrees. Besides, in order to
make the system more functional while this mode is
active, the platform is automatically turned towards the
steering direction of the vehicle. Here, steering angle
values are added and applied.

| Top view Front part of the vehicle

Perspective view

wheel wheel

wheel

B

wheel 711
L x
(a) (b)

Figure 7. The direction of the angular movement of Mode
1 (a) perspective and (b) top view.

Mode 2: It is the mode used to make a linear motion on
the y-axis (+ 8cm can move linearly).

Perspective view Top view

wheel
D

| Liwheel

(a) (b)

Figure 8. The direction of a linear motion with Mode 2
(a) perspective and (b) top view.

Mode 3: Y-axis provides a straight motion (* 8cm
movement restricted) on the axis at 60 degrees angle
deviation, occurring counter clockwise when viewed
from the vertical axis.

Perspective view Top view
Front part of the vehicle

wheel -3

wheel

(b)

Figure 9. The direction of a linear motion with Mode 3 (a)
perspective and (b) top view.
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Mode 4: When viewed from the vertical axis, it provides
a straight movement on the line in the case of 60 degrees
angle deviation clockwise relative to the y-axis (there is
a * 8cm movement restriction).

Perspective view Top view

.
% el
(.

Front part of the vehicle
wheel
D

wheel

E7 N v wheel
A

(b)
(a)

Figure 10. The direction of a linear motion with Mode 4
(a) perspective and (b) top view.

Mode 5: Dolphin movement is provided in the same
direction set with Mode 2. It is the mode used to make
angular motion (can reach a slope of + 18 degrees).

) ) Top view Front part of the vehicle

Perspective view

wheel
D

wheel

C

wheel
B

wheel
A

L

(a) (b)

L

Figure 11. The direction of a linear motion with Mode 5
(a) perspective and (b) top view.

Mode 6: Dolphin movement is provided in the same
direction set with Mode 3. It is the mode used to make an
angular motion (can reach a slope of + 18 degrees).

Perspective view Top view

wheel wheel
3 cel

vheel wheel
A B

Figure 12. The direction of a linear motion with Mode 6
(a) perspective and (b) top view.

Mode 7: Dolphin movement is provided in the direction
set with Mode 4. It is the mode used to make an angular
motion (can reach a slope of + 18 degrees).
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Perspective view Top view

wheel

D.

wheel |
C
= < 60°
P »
z O > Thes wheel
B

Fig 13. The direction of a linear motion with mode 7 (a)
perspective and (b) top view.

(b)

4. Simulation Control
It has been made phase space limit control of the orientations
of the platform's center point relative to the X, y, and z axes
by using Matlab software.

Figure 14. Platform's phase space perspective point cloud
using Matlab program. (according to 2mm point spacing)

When the workspace is examined planarly, the platform in
the system whose prototype is developed there are some
contractions in the movements of the movable upper
platform towards the border parts are seen. This happens due
to the limitations of linear motor systems on the platform.

Table 2. Linear endpoints of the working space for the x, v,
and z axes

Axis Lower Limit Upper Limit
X -524+£0.5mm  38+0.5mm
Y -40+05mm  40+0.5mm
Z -45+£05mm_ 23+0.5mm

As can be seen in Table 2. Z-axis is the minimum upper limit
due to the shape of the platform. This makes the system more
stabilized and lets the platform be loaded with external
weights.
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5. Conclusion

This work aimed to develop a prototype on which the
upper platform is always in balance when it is moving
freely. The movable platform built on the prototype was
kept in full balance by applying the Stewart Platform
model. The prototype’s component was made on PCB
filament using a 3D printer. It has four servo motors and
one electric motor. The platform in a 3x3 connection
format with six degrees of freedom was designed and
placed on the chassis. The platform consists of a fixed
bottom plate, a movable top plate, and six pistons. The
wheel system and platform mechanism presented in this
work have been controlled by using special modes and
the control arm. All the wheels of the prototype were
customized and controlled independently. Wheels'
angles were calculated by using Ackermann Geometry.
Wheel and platform control algorithms have been
designed according to the objectives, and C programming
language-based code has been written. This code was
installed on the Arduino microcontroller board, which is
the brain of the system. Using the server-based mobile
application development environment App Inventor 2, a
graphics-based mobile application was developed to
monitor the prototype system status. Bluetooth 2.0
protocol has been used to provide communication
between the mobile application and the prototype
device. In the mobile application, information such as
piston positions, wheel angles, vehicle movement
direction, wheel-platform modes, slope, and speed of the
system status are shown. As a result, the flexibility and
driving ease for car driving were achieved on the
prototype vehicle designed in this study. Furthermore,
the prototype’s platform limits are controlled by using
the matlab program.
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