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ABSTRACT

CONFIGURABLE ROBOT BASE DESIGN FOR MIXED
TERRAIN APPLICATIONS

BAYAR, Gokhan
MS., Department of Mechanical Engineering
Supervisor : Asst. Prof. Dr. Bugra KOKU
Co-Supervisor : Asst. Prof. Dr. ilhan KONUKSEVEN
August 2005, 124 pages

Mobile robotics has become a rapidly developing field of interdisciplinary research
within robotics. This promising field has attracted the attention of academicy,
industry, several government agencies. Currently from security to personal service
mobile robots are being used in a variety of tasks. The use of such robots is expected

to only increase in the near future.

In this study, it is aimed to design and manufacture a versatile robot base. This base
is aimed to be the main driving unit for various applications performed both indoors
and outdoors ranging from personal service and assistance to military applications.
The study does not attempt to individually address any specific application, indeed it
is aimed to shape up a robotic module that can be used in a wide range of application
on different terrain with proper modification. The robot base is specifically designed
for mixed terrain applications, yet this study attempts to provide some guidelines to

help robot designers. The manufactured robot base is tested with tracks, wheels, and

v



with both tracks and wheels, results are provided as guidelines to robot designers.
Last but no the least, this study aims to obtain the know-how of building functional

and flexible robots in Turkey by facilitating local resources as much as possible.

Keywords : Robotic platform, mobile robot, modular robot structure.
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DEGiSIK ARAZI KOSULLARI iGIN AYARLANABILIR
ROBOT PLATFORMU TASARIMI

BAYAR, Gokhan
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi : Yrd. Dog. Dr. Bugra KOKU
Yardimei Tez Yoneticisi : Yrd. Dog. Dr. Ilhan KONUKSEVEN
Agustos 2005, 124 sayfa

Robotik caligmalarda, disiplinler arasi yapisi ile hareketli robot ¢aligmalar1 hizla
gelisen bir aragtirma alani olusturmaktadir. Gelecek vaat eden bu alan, egitim
kurumlarinin, sanayinin, devlet kurumlarinin ve giivenlik sirketlerinin ilgisini
cekmeye baglamistir. Bugiin, hareketli robotlar bir ¢ok alanda degisik gorevleri
tistlenmislerdir. Yakin gelecekte bu robotlarin yogun bir sekilde kullanilmasi

beklenmektedir.

Bu tez calismasinda, degisik amaglar icin kullanilabilecek bir robot platformunun
tasarimi ve iiretimi hedeflenmistir. Bir ¢ok amaca hizmet edebilecek sekilde
tasarlanan robot platformu, kapali alanlarin yani sira ac¢ik alanda arazi sartlarinda da
calisabilmesi amaglanmis ve kisisel hizmet verebilecegi gibi askeri uygulamalarda da
gorev alabilmesi diisiinilmiistir. Bu c¢alismada, 6zel bir uygulama alaninda
calisabilecek tek bir robot platformundan ¢ok uygun ayarlamalarla degisik

yiizeylerde kullanilabilecek, genis uygulama alanma sahip bir robot modiiliin
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tasarlanip Uretilmesi ana amactir. Robot platformu her tiirlii arazi kosullarinda
calisabilecek sckilde tasarlanmistir. Bu c¢alismanin robot tasarimcilarina tasarim
stirecinde nasil bir yol izleyebilecekleri hakkinda 1sik tutmasi da hedeflenmistir.
Uretimi yapilan robot platformu paletli, tekerli ve hem teker hem de paletli olarak
test edilmis ve sonuglar1 hareketli robot tasarimcilarina i1sik tutacak sekilde
sunulmustur. Ayrica bu calisma ile Tiirkiye'de kendi imkanlarimizla esnek ve
modiiler robotlarin tasarlanip iiretilmesi konusunda birikim olusmasini saglamak da

hedeflenmistir.

Anahtar kelimeler: Robot platformu, hareketli robot, modiiler robot yapisi
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CHAPTER |

INTRODUCTION

The word robot has been coined by Karel Capek back in early nineties and the idea
of having robots serving human kind has always been attractive for public however,
creating these robots has imposed great challenges to scientists. Considering the fact
that imagination of man roams freely, but technological achievements goes through a
slow and iterative evolution it is not a surprise that the expectations of people from
robots are quite different that what technology can feasibly offer to these people.
Robotics has achieved its first success to date in the world of industrial
manufacturing. Robot arms, or manipulators, comprise a 2 billion dollar industry.
Bolted at its shoulder to a specific position in the assembly line, a robot arm can
move with great speed and accuracy to perform repetitive tasks such as spot welding
(Figure 1.1). For example, in electronics industry, manipulators place surface-
mounted components with superhuman precision, making the portable telephone and
laptop computer possible [Siegwart, 2004]. Yet, for all of their successes, these
commercial robots suffer from a basic disadvantage: lack of mobility. A fixed
manipulator has a restricted scope of motion that depends on where it is bolted down.
In contrast, a mobile robot would be able to travel throughout the manufacturing

plant, flexibly applying its abilities wherever it is most effective [Arkin, 1998].

Mobile robot world has several examples of outdoor robots and however they are
generally designed for special applications and their prices are quite expensive. For
instance a teleoperated robot named Matilda designed for US army and police force
is sold for over 4000$. DARPA is sponsoring the development of a robot dog



project, namely TAKOM for the army for 2250%. Another example is Pioneer 3AT.
The base price for this robot is over 6000$ and it has very limited capabilities on the
rough terrain. With additional hardware, the robot price easily gets above 500003.
The cost for iRobot Company’s mobile robots is ranged from 3500 $ to 150 000 $.

Figure 1.1 Plant-spot welding robot of Kuka [Kuka, Siegwart 2004]

We do foresee that the use of such robot bases will only increase in time. With this
study our purpose is to start building up on the know-how of designing and
manufacturing mobile robot platform. Several situations considered, we have decided
to start with a small/medium size mobile robot that can be configured to operate on
various terrains. This robot base will be able to move on mixed terrain and have at
least the average speed of a walking person (or a soldier). Differently from other
mobile robot bases, our design will be able to use both tracks (palettes) and wheels
either at the same time or individually as illustrated Figure 1.2. The necessity of the
use of both tracks and wheels was recognized and Turkish Police Department
demanded a mobile robot base which use both track and wheel (Appendix E). This
type of a configuration is not common in mobile robots; hence the results of this
work will contribute to the field by providing information on the feasibility of this
specific configuration and its comparison with tracked and wheeled configurations.
Another purpose of this thesis it to facilitate the mobile robotics research in Turkey
by providing a design that is suitable for mixed terrain applications that can be

manufactured by making use of the domestic resources as much as possible. Also



during the design process, Turkish Police Department’s specifications for mobile

robots used to destroy bomb have been followed (Appendix D).

The rest of the chapter will provide a brief introduction of many mobile robots that

has been built so far followed by the layout of this thesis.

Figure 1.2 Illustration of the mobile robot base designed

Mobile robots are being used in a variety of environments to accomplish different
tasks. Most common differentiation between operational environments is based on
whether the robot operates indoors or outdoors. Indoors generally provide well
structured environments with smooth surfaces to move on. Some common and also

potential indoor robotic tasks can be listed as:

Cleaning (floors, windows etc.)

e Patient assistance (distribution of medication)

e Customer assistance (museum tour guide, shopping floor assistance)
e Entertainment

e Surveillance

e Delivery (office boy)



Outdoors have almost no structure at all and impose an uncontrolled environment.
From forests to deserts, from earth’s atmosphere to outer space, from air to
underwater outdoors provide a wire range of environments. Some common and also

potential outdoor robotic tasks can be listed as:

e Mining

e Search and rescue

e Cleaning (such as sewage tubes)

e Military applications

e Surveillance

e Fire fighting

e Exploration (such as underwater or space exploration)
e Construction

e Agriculture

Various types of actuation methods are used on mobile robots. For example,
Plustech’s walking robot provides automatic leg coordination while the human
operator chooses an overall direction of travel (Figure 1.3). This robot is the first
application driven walking robot. It is designed to move wood out of the forest. The
leg coordination is automated, but navigation is still done by the human operator on
the robot. Figure 1.4 depicts an underwater vehicle that controls six propellers to
autonomously stabilize the robot submarine in spite of underwater turbulence and
water currents while the operator chooses position goals for the submarine to

achieve.

Hostile environments such as Mars trigger even more unusual locomotion
mechanisms. In dangerous and inhospitable environments, even on Earth, such
teleoperated systems have gained popularity. In these cases, the low-level
complexities of the robot often make it impossible for a human operator to directly
control its motion. The human performs localization and cognition activities, but

relies on the robot’s control scheme to provide motion control [Siegwart, 2004].



Other commercial robots operate on which humans cannot go. These robots do not
compel for reasons of mobility but they may compel because of their autonomy, and
so their ability to maintain a sense of position and to navigate without human
intervention is superior. The mobile robot base Sojuurner (Figure 1.5) was used
during the Pathfinder mission to explore Mars in summer 1997 [Ranier]. It was
almost completely teleoperated from Earth. However, some on board sensors

allowed for obstacle detection.

Figure 1.4 Underwater vehicle Figure 1.5 The mobile robot Sojourner [Ranier]

As seen Figure 1.6, Pioneer is one of the most popular mobile robot bases. It was
used in the exploration of Sarcophagus at Chernobyl. And also Pioneer | is a
configurable mobile robot platform which gives some opportunities to the robot
scientists like having a gripper or a camera. It is attached with a mapping library

[Pioneer].



Tour-guide robots (Figure 1.7) can present exhibitions to the guests [Burgard, 2000].
Ten tour-guide robots which have been developed by EPFL have helped people for 5
months at the Swiss exhibition EXPO .02, drawing attention lots of visitors
[Siegwart, 2003].

Figure 1.7 Tour-guide robots [Burgard, 2000]

Newest generation of the autonomous guided vehicle (AGV) of SwissLog used to
transport motor blocks from one assembly station to another. It is guided by an
electrical wire installed in the floor. There are thousands of AGVs transporting
products in the industry, warehouses, and even hospitals (Figure 1.8) [Zelinsky,
1992].



Figure 1.8 AGV: Autonomous Guided Vehicle [Zelinsky, 1992]

Helpmate is a mobile robot used in hospitals for transportation tasks [Rosetti, 1998].
It has various on board sensors and cameras for autonomous movement in the
corridors. The main sensor for the localization is a camera looking to the ceiling. It

can detect the lamps on the ceiling as references, or landmarks (Figure 1.9).

Figure 1.9 Helpmate mobile robot [Rosetti, 1998]

BR 700 industrial cleaning robot designed and manufactured and sold by Alfred
Karcher GmbH & Co., Germany. BR 700 has a navigation system having
sophisticated sonar system and a gyro [Siegwart, 2004] (Figure 1.10).



Figure 1.10 Industrial cleaning robot 700 [Siegwart, 2004]

Magellan of iRobot (Figure 1.11) is a sophisticated mobile robot with up to three
Intel Pentium processors on board. It has a large variety of sensors for high

performance navigation tasks [Dis, 2002].

Figure 1.11 Magellan mobile robot of iRobot [Dis, 2002]

Khepera is a small mobile robot for research and education purposes. It is just about
60 mm diameter [Khepera]. Various additional modules such as cameras, sensors and
grippers can be equipped (Figure 1.12).

i
-
|
.

e,
114 &

« [ T |il"

Figure 1.12 Khepera [Khepera]



Alice is one of the smallest fully autonomous robots. It is approximately 2x2x2 cm, it
has a battery life of about 8 hours and uses infrared distance sensors, tactile whiskers,

and even a small camera for navigation (Figure 1.13) [Kalice].

Figure 1.13 Alice robot [Kalice]

The Koala robot (Figure 1.14) is a mobile robot platform. It was designed for easy
use, easy transport and it could work on indoor environment as well as outdoor
environment [Koala]. Compact size, modularity, high computational power, easy

control and low cost are noticeable be the features of the robot base Koala.

Figure 1.14 Koala robot [Koala]

The ATRV manufactured by iRobot (Figure 1.15) is a mobile robot. It was designed
for the projects that require a mobile robot to be all terrain capable [Irobot]. The
ATRYV Micro is a robotic vehicle, in a family of all terrain robots, with a low center
of gravity, a weather-resistant enclosure, and big wheels to traverse uneven terrain.
For the military or commercial applications, these all terrain mobile robots are
elected [Sadhukhan, 2004].



Figure 1.15 ATRV Micro [Sadhukhan, 2004]

PackBot (Figure 1.16) is a tough, light weight robot designed to conduct explosive
ordnance disposal, search-and-surveillance, hostage rescue, and other vital tasks for
bomb squads, swat teams, and military purposes [Packbot]. PackBot can be used a
full range of improvised explosive device and conventional ordnance disposal tasks.
This versatile robot quickly adapts to different configuration, conventional ordnance,
and swat missions. With its compact profile and patented mobility platform, PackBot
operates with confidence on the rough terrain - from the stairs, curbs, and rubble of
urban terrain to the rocks, sand, and mud of battlefield environments.

Figure 1.16 PackBot mobile robot [Packbot]

MR-5 (Figure 1.17) is a remotely controlled mobile robot ideally suited for explosive
ordnance disposal, swat, harmful material search, surveillance and other hazardous
tasks [MR5]. As a mobile robot rugged and reliable, MR-5 can be used in any

weather condition and on any terrain. This highly controllable mobile robot can be
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operated on wheels or tracks. The obstacle over and climbing stair capability of this
mobile robot are famously known.

Figure 1.17 MR-5 remotely controlled mobile robot [MR5]

Four-wheeled mobile robot, Nomad, (Figure 1.18) was placed in Antarctica by
Carnegie Mellon University's Robotics Institute. In Antarctica, it is aimed to search
autonomously for the meteorites and classify them [Nomad].

Figure 1.18 Nomad mobile robot [Nomad]

Talon (Figure 1.19 and 1.20) is a powerful, lightweight, versatile robot designed for
missions ranging from exploration to weapons delivery [Talon, 2004]. Its large base
accommodates sensor and cameras making Talon a one robot solution to a variety of
mission requirements.
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Figure 1.19 Talon mobile robot [Talon, 2004]

Figure 1.20 Talon robot in operation [Talon, 2004]

Built with all-weather, day/night and amphibious capabilities standard, Talon robot
can operate under the most adverse conditions so as to overcome almost any terrain.
The Talon began helping with military operations in Bosnia in 2000, deployed to
Afghanistan in early 2002 and has been in Iraq since the war started, assisting with
improvised explosive device detection and removal. Talon robots had been used in
about 20,000 missions in Irag and Afghanistan by the end of 2004. As of late 2004
there were four Talon robot in existence; 18 were requested for service in Irag. Each
system has cost about $230,000 to produce. When they go into production, it is
estimated the cost per unit will drop to the range of $150,000 to $180,000.

After this brief qualitative information about many mobile robots, in order to be able
to quantitatively compare these robots, two tables (Table 1.1 and 1.2) are formed.

The first table focuses on indoor robots whereas the second table presents
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information on outdoor robots and also there is a comparison the outdoor robots with

the robot base that we designed and manufactured.

Table 1.1 Indoor mobile robots [adapted from Robosoft]

INDOOR MOBILE ROBOTS

Pioneer RobuLab | RobuLab
Cye Magellan 2-DXE B21r 80 150 Pekee
Payload (kg) 4 91 22,7 25 80 150 -
Max. Velocity 4 25 16 1 15 2 1,11
(m/s)
Dimensions(mm) 225*400* @ 368 440*380* @ 525 600*480* | 1025*680 | 380*250*
130 h:198 220 h:1060 465 *440 220
Autonomy (hrs) 2 10 24-30 6 4-5 5-6 1
2*12V 2*24V 2*12V - 2*48V 2*48V 2*12V
Wheel / Motors DC DC DC 4*24V DC DC DC DC
. 16Mhz/16 Siemens Embedded 16Mhz/16
Microcontrolller bits - C166 PC MPC555 MPC555 bits
. rFlex P20S rFlex Instinct
FirmWare ) Cont. Sys Server Cont. Sys Syndex Syndex Software
(AF_’I) for ASCI to ASCI to ASCI to ASCI ASCI (AF_’I) for
Visual speech speech speech - - Visual
Development . strings strings .
Tool Basic or Interface Interface Interface aApicfor | APl C for Basic or
oo Ct C+ - Ct Linux Linux Ci+
MatLab compilers ] compilers | compilers MatLab
Mobility ) Mobility Libraries Libraries
, Pioneer of of
MAP’n robot - robot L L
Software ZAP inteqratio simulator intearation Primitives | Primitives SDK-Pr
g ACTS g C Under C Under
n Soft. Soft. - -
Linux Linux
Ultrasonic | Ultrasonic .
Ultrasonic
sensor- sensor-Inf. sensor-Inf
Inf. Sen.- Sen.- * | Ultrasonic | Ultrasonic
. . Sen.-
Tactiles Tactiles . sensor- sensor-Inf.
Tactiles
sen.-Laser | sen.-Laser Laser Sen.-Laser
sen.-Laser
scanner- scanner- scanner- scanner-
Odometer . . scanner- - .
Navig. Navig - Navig Navig
Sensors / Infrared- | -Infrared- Navig
; . compass- compass- compass- compass-
Detection and Ultrasonic Gyro- L L compass- L L
. : Vision Vision S Vision Vision
other Equipment Sensor Light Vision
Sys.- Sys.- Sys.- Sys.-
Captor sys.- GPS
Bumpers- | Bumpers- Svs Arms- Arms-
GPS sys. GPS sys. Ar}/mé- Grippers- | Grippers-
Arms- Arms- . Pan Tilt Pan Tilt
. . Grippers-
Grippers- | Grippers- . Camera Camera
. . Pan Tilt
Pan Tilt Pan Tilt
Camera
Camera Camera
Safet ) Temp. Emergen. Emergen. Emergen. Emergen. Emergen.
Y Sensor Stop Stop Stop Stop Stop
Radio . Radio . .
Serials IR Data Radio Data Radio Radio
Data Data Data
Port Between Trans., Trans.,
. Trans., . Trans., Trans.,
TX, RX Robotand | Wireless Wireless Wireless Wireless Wireless
Video RS232, RS232 or RS232 or
L RS232 or RS232 or RS232 or
Communication Data 12C OPP Ethetnet, Ethetnet,
. Ethetnet, . Ethetnet, Ethetnet,
Trans. Buses Video - Video - .
. - Video Video Video
Radio Radio Data Data
Data Data Data
Data Data Trans., Trans.,
Trans Trans Joystisk Trans., Joystisk frans., Trans.,
RS232 RS232 RS232 CAN Bus | CAN Bus
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Table 1.1 Continued

Onbpay Onboard | Onboard onboard | onboard
Computer Remote Remote d mini or or or or
N PCor PC PC, Remote Remote
Devices . Remote Remote
Laptop Win/ Remote PC or PC or
: . PCor PCor
Win / Linux PC or Laptop Laptop Lapto Lapto
Linux Laptop Win / Win/ Lirr)1u>|<o Liﬁuf
Win/ Linux Linux
Linux
Appli. Appli. Appli. Appli. Appli.
Application Education | Education | Prototy. | Prototy. Prototy. | Prototy. Prototy.
PP Beginners | Beginners | Educa. | Educa.Re | Educa.Re | Educa.Re | Educa.Re
Researc searc searc searc searc
Price Range € 3500- 11500- 5000- 49500- 20000- 28000- 4600-
9 4500 € 16000 € 20000 € | 80000 € 40000 € 50000 € 12000 €
Table 1.2 Outdoor mobile robots [adapted from Robosoft]
OUTDOOR MOBILE ROBOTS
Pioneer . Our Robot
2-AT ATRV Mini ATRV Jr ATRV-2 RobuCar Base
Payload (kg) 22,7 9,1 25 100 300 10
Max. Velocity 0.7 15 1 2 15 0.9
(m/s)
Dimensions(mm) 500*490* 605*450 775*550 1050*650Q0 1900*1200* 300*450*
260 650 200
Autonomy (hrs) 10 2-4 3-5 4-6 4-6 2-3
Wheel / Motors 2*24V DC 4*24V DC 2*12V DC 4*24V DC 4*24V DC 2*12V DC
Max Slope 40% 45% 45% 45% 10 to 35% 60%
Capability
. Siemens
Microcontrolller C166 - - - 2*MPC555 PIC
Mobility . Mobility Mobility I
Robot F_’loneer Robot robot L|_br§r_|es of Robot Base
Software . Simulator . . - Primitives C .
Integration ACTS Integration integration Under Linux Simulator
Soft. Soft. Soft
. Radio Data Radio Data Radio Data Radio Data
Radio Data
Trans Trans., Trans., Trans., Trans.,
Wirele;s Wireless Wireless Wireless Wireless
RS232 or RS232 or RS232 or RS232 or RS232 or TovaTan
Communication Ethetnet Ethetnet, Ethetnet, Ethetnet, Ethetnet, Ry8232 '
- ! Video Data Video Data Video Data Video Data
Video Data
Trans Trans., Trans., Trans., Trans.,
RSZ3£ Joystisk, Joystisk, Joystisk, Joystisk,
RS232 RS232 RS232 RS232
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Onboard Onboard Onboard Onboard Onboard
mini PC, mini PC, mini PC, mini PC, mini PC, PC or Lanto
Computer Remote PC Remote PC Remote PC Remote PC Remote PC ' Winp P
Devices or Laptop or Laptop or Laptop or Laptop or Laptop Compatiole
Win/Linux | Win/Linux | Win/Linux |§ Win/Linux | Win/ Linux patip
Compatiple | Compatiple Compatiple Compatiple Compatiple
Appllscatlon Applications | Applications | Applications | Applications
N . Prototyping Prototyping Prototyping Prototyping
Application Prototyplng Education Education Education Education All Areas
Education
Research Research Research Research
Research
Price Range 9000- 11500- 27500- 43500- 50000- 1000-
9 25000 € 30000 € 50000 € 70000 € 100000 € 2000 €

Clearly, a useful, mobile robot does more than just move. It polishes the supermarket
floor, keeps guard in a factory, mows the golf course, provides tours in a museum, or
provide guidance in a museum or it can be a guard like a policeman or a soldier.
Therefore, the mobile robots become popular very fastly in the world. Lots of
scientists and research companies try to find the right mobile robot configuration
which can move on different types of terrain and perform the different tasks that
human cannot do. While these developments have been occuring all around the
world, we have intented to design our own configurable robot base. At the end, we
wish robot base that we have designed will be used by the Turkish Police

Department, Military Force and other organizations in Turkey.

The outline of the following chapters of the thesis can be given as follows:

In Chapter Il, the driving systems for the mobile robots will be introduced.

In Chapter 111, design procedure that we have followed will be presented.

Studies related to the configurations of the robot base will be given in Chapter IV.

Chapter V will be devoted to the results and discussions.

Finally, Chapter VI touches on the conclusions and future work.
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CHAPTER I

TYPES OF DRIVING SYSTEMS FOR THE MOBILE ROBOTS

In this chapter alternative driving systems that are applicable to mobile robots will be
discussed. Appropriate steering type for our design will be sought. Today’s wheeled,
tracked, and legged mobile robots will be detailed and advantage and disadvantage of

them will be discussed.

A mobile robot needs locomotion mechanisms that enable it to move throughout its
environment. But there are a large variety of possible ways to move, and so the
selection of a robot’s approach to locomotion is an important aspect of mobile robot
design. In the laboratory, thera are research robots than can walk, jump, run, slide,
skate, swim, fly, and roll. Most of these locomotion mechanisms have been inspired

by their biological counterparts (Table 2.1).

There is, however, one exception: the actively powered wheel is a human invention
that achieves extremely high efficiency on the flat ground. This mechanism is not
completely foreign to biological systems. Our bipedal walking system can be
approximated by a rolling polygon. As the step size decreases, the polygon
approaches a circle or wheel. However, nature did not develop a fully rotating,
actively powered joint, which is the technology necessary for wheeled locomotion
[Todd, 1985]. Mobile robots generally are driven either by using wheeled
mechanisms, a well-known human technology far vehicles, or using a small number
of articulated legs, the simplest of the biological approaches to locomotion (Table
2.1).
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Table 2.1 Locomotion mechanisms used in biological systems [Siegwart, 2004]

Tybes of motion Resistance Basic Kinematics of
YP to Motion Motion
Flow in a m Hydrodynamic Eddies Q&
Channel ﬁ% Forces %@Q
Crawl | ol e Friction Longitudinal
Forces Vibration WM—'
Slidin M YA Friction Transverse JW
g ol M Forces Vibration
Oscillatory
_ "'L——L_}L_;:‘;“":‘:r Loss of Movement
Running — Kinetic of a Multi-
Energy Link
Pendulum
fa- Oscillatory
4 Loss of Movement
Jumping “__;.-*‘;, Kinetic of a Multi-
e Energy Link
Pendulum
ﬁ Gravitational | Rolling of
Walking I ravitationa olling of a
Forces Polygon

In general, legged locomotion requires higher degrees of freedom and therefore

greater mechanical complexity than wheeled locomotion. Wheels, in addition to

being simple, are extremely well suited to flat ground. As Figure 2.1 depicts, on flat

surfaces wheeled locomotion is one to two orders of magnitude more efficient than

legged locomotion. Railways are ideally engineered for wheeled locomotion because

rolling friction is minimized on a hard and flat steel surfaces. But as the surface

becomes soft, wheeled locomotion accumulates inefficiencies due to rolling friction

whereas legged locomotion suffers much less because it consists only of point

contacts with the ground. This is demonstrated in Figure 2.1 by the dramatic loss of

efficiency in the case of a tire on soft ground [Todd, 1985].
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Power (hp /ton)

100

Tire on Soft Ground

Our Desire

Crawling / Sliding
Running

100
1 10 Speed (m/ h)

Figure 2.1 Attainable speeds of various locomotion mechanisms [Todd, 1985]

In effect, the efficiency of wheeled locomotion depends greatly on environmental

qualities, particularly the flatness and hardness of the ground.

It is understandable therefore that nature favors legged locomotion, since locomotion
systems in nature must operate on rough and unstructured terrain. For example, in the
case of insects in a forest the vertical variation in ground height is often an order of

magnitude greater than the total heights the insect. Whereas, human touched
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environments frequently consists of engineered, smooth surfaces, both indoors and
outdoors. Therefore, it is also understandable that virtually all industrial applications
of mobile robotics utilize some form of wheeled locomotion. Recently, for more
natural outdoor environments, there has been some progress toward hybrid and
legged industrial robots such as the forestry robot shown in Figure 2.2 [Schweitzer,
2001].

Figure 2.2 RoboTrac, a hybrid wheel-leg robot for rough terrain [Schweitzer, 2001]

2.1 Important Keys for Locomotion

Locomotion is the complement of manipulation. In manipulation, the robot arm is
fixed but moves objects in the workspace by imparting force to them. In locomotion,
the environment is fixed and the robot moves by imparting force to the environment.
In both cases, the scientific basis is the study of actuators that generate interaction
forces, and mechanisms that implement desired kinematics and dynamic properties.
Locomotion and manipulation thus share similar core issues of stability, contact

characteristics and environmental type:

19



Stability

= Number and geometry of contact points
= Center of gravity
= Static/dynamic stability
= Inclination of terrain

e Characteristics of contact
= Contact point/path size and shape
= Angle of contact
= Friction

e Type of environment
= Structure

= Medium (e.g. water, air, soft or hard ground)

2.2 Legged Mobile Robots

Legged locomotion is characterized by a series of point contacts between the robot
and the ground. The key advantages include adaptability and maneuverability in
terrain. Because only a set of point contacts is required, the quality of the ground
between those points does not matter so long as the robot can maintain adequate
ground clearance. In addition, a walking robot is capable of crossing a hole or chasm
so long as its reach exceeds the width of the hole. A final advantage of legged
locomotion is the potential to manipulate objects in the environment with great skill.
An excellent insect example (Figure 2.3), the dung beetle, is capable of rolling a ball

while locomotion by way of its dexterous front legs.

The main disadvantages of legged locomotion include power and mechanical
complexity. The leg, which may include several degrees of freedom, must be capable
of sustaining part of the robot’s total weight, and in many robots must be capable of
lifting and lowering the robot. Additionally, high maneuverability will only be
achieved if the legs have a sufficient number of degrees of freedom to impart forces

in a number of different directions.
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Human Reptiles Insects
Two Legs Four Legs Six Legs

Figure 2.3 Arrangement of the legs

2.3 Tracked Mobile Robots

This type of locomotion can be named as tracked slip/skid locomotion. In the wheel
configurations which will be discussed soon, it has been made an assumption that
wheels are not allowed to skid against the surface [Steinmetz, 2001]. An alternative
form of steering, termed slip/skid, may be used to reorient the robot by spinning
wheels that are facing the same direction at different speeds or in opposite directions.
An amy tank operates this way and the Nanokhod (Figure 2.4) is an example of a
such mobile robot based [Winnendael, 1999].

- Payload Cab

Track Unit 2 -
,.y_\'\ﬁres" .\‘ﬁﬁiﬂ :

:M RO
g

. Tether Box

Track Unit 1

Figure 2.4 The Microrover Nanokhod [Winnendael, 1999]
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Robots that make use of tread have much larger ground contact patches and this can
significantly improve their maneuverability in loose terrain compared to the
conventional wheeled designs. However, due to this large ground contact patch,
changing the orientation of the robot usually requires a skidding turn, wherein a large

portion of the track must slide against the terrain.

The disadvantage of such configurations is due to the large amount of skidding
during a turn, the exact center of rotation of the robot is hard to predict and the exact
change in position and orientation is also subject to variations depending on the
ground friction. Therefore, dead reckoning on such robots is highly inaccurate. This
is the trade-off that is made in return for extremely good maneuverability and
traction over rough and loose terrain. Furthermore, a slip/skid approach on a high
friction surface can quickly overcome the torque capabilities of the motors being
used. In terms of power efficiency, this approach is reasonably efficient on loose
terrain but extremely ineffcient otherwise [Steinmetz, 2001, Winnendael, 1999].

Detailed analysis of tracked driving systems is presented in Chapter I11.

2.4 Wheeled Mobile Robots

The wheel has been by far the most popular locomotion mechanisms in mobile
robotics and in man-made vehicles in general. It can achieve very good efficiencies,
as demonstrated Figure 2.1, and does so with a relatively simple mechanical

implementation.

In addition, balance is not usually a research problem in wheeled robot designs,
because most wheeled robots are designed so that all wheels are in ground contact at
all times. Thus, three wheels are sufficient to guarantee stable balance although two-
wheeled robots can also be stable. When more than three wheels are used, a
suspension system is required to allow all wheels to maintain ground contact when

the robot encounters uneven terrain.
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Table 2.2 Types of wheeled mobile robots (Legend for wheel icons are provided at
the end of the table)

Number ..
of Wheels Arrangement Description Example
One steering wheel in Bicvele
I the front, one traction yete,
. motorcycle
wheel in the rear
I Two-wheel Cve
differential drive with y
personal
the center of mass robot
1 (COM) below the axle
Two-wheel centered Nomad
. : . ) Scout,
‘ differential drive with
a third point of contact SmartRob
EPFL
Two independently Many
driven wheels in the indoor
rear/front, one robots,
unpowered EPFL,
omnidirectional wheel Alice,
in the front/rear Pygmalion
Two connected
2 .
traction Piaqaio
wheels(differential) in 1agg
minitructs
rear, one steered free
wheel in front
Two free wheels in
Neptune,
rear, one steered Hero-1
traction wheel in front
Three_ motorized _ Stanford
Swedish or spherical
) wheel
wheels arranged in a ibol
triangle; fribolo
90 EPFL,
omnidirectional
) . PalmRobot
movement is possible
Denning
Three synchronously MRV-2,
motorized and steered iRobot
wheel; the orientation B24,
is not controllable Nomad
200




Table 2.2 Continued

wheels

O';‘W}ZZL Arrangement Description Example
Two motorized
wheels in the rear,
two steered wheels )
= in the front; Car with
steering has to be rea(;-\_/vheel
[— different for the five
two wheels to avoid
slipping/skidding
Two motorized and
steered wheels in
[ ] the front, two free | .
wheels in the rear; ar wit
. rear-wheel
] steering has to be drive
different for the
two wheels to avoid
slipping/skidding
Four
Four steered and q Wheel q
motorized wheels fIve an
steering
Hpperion
4 Two traction
wheels
— O (differential) in Charlie
rear/front, two (DMT-
I O omnidirectional EPFL)
wheels in the
front/rear
Four Carnegie
omnidirectional Mellon
77777 777777 wheels Uranus
] Two wheel EPFL
O O differential drive Khepera,
with two additional | Hyperbot
1 points of contact Chip
O O] | Four motorized and Nomad
steered castor XF?‘%%O
—/O —/O




Table 2.2 Continued

Number

of Wheels Arrangement Description Example
Two motorized and
O | | Q steered wheels
| I | I | aligned in center, First
O one omnidirectional
wheel at each corner
6 ] Two traction wheels Terragator
O @ (differential) in gak
(Carnegie
center, one
. O omnidirectional UI\_/IeIIo_n )
niversity

wheel at each corner

Icons for the each wheel type

Unpowered omnidirectional wheel (spherical, castor, Swedish)

Motorized Swedish wheel (Stanford wheel)

Unpowered standard wheel

Motorized standard wheel

Motorized and steered castor wheel

Steered standard wheel

Connected wheels

HHHN DD [O

Table 2.2 (adapted from [Siegwart, 2004]) shows great majority of the mobile robot

wheel configurations that were designed and manufactured up to now.
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2.4.1 Stability

The minimum number of wheels required for static stability is two. As shown Figure
2.5, a two wheel differential drive robot can achieve static stability if the center of
mass is below the wheel axle. Cye is a domestic robot base that uses this wheel

configuration.

Figure 2.5 Cye a two wheel differential robot base [Acroname]

However, under ordinary circumstances such a solution requires wheel diameters that
are impractically large. Dynamics can also cause a two-wheeled robot to strike the
floor with a third point of contact, for instance, with sufficiently high motor torgues
from standstill. Conventionally, static stability requires a minimum of three wheels
with the additional caution that the center of gravity must be contained within the

triangle formed by the ground contact points of the wheels.

2.4.2 Maneuverability

Some robots are omnidirectional that they can move at any time in any direction
along the ground plane (x, y) regardless of the orientation of the robot around its
vertical axis. This level of maneuverability requires wheels that can move in more
than just one direction and so omnidirectional robots usually employ Swedish or
spherica wheels that are powered. A good example is Uranus, shown in Figure 2.6.
This robot uses four Swedish wheels to rotate and translate indepently and without

constraints [Uranus].
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Figure 2.6 Uranus Robot built by Carnegie Mellon University [Uranus]

2.4.3 Controllability

There is generally an inverse correlation between controllability and
maneuverability. For instance, the omnidirectional designs such as the four castor
wheel configuration require significant processing to convert desired rotational and
translational velocities to individual wheel commands. Furthermore, such
omnidirectional designs often have greater degrees of freedom at the wheel. For
instance, the Swedish wheel has a set of free rollers along the wheel perimeter. These

degrees of freedom cause an accumulation of slippage.

Controlling an omnidirectional robot for a specific direction of travel is also more
difficult and often less accurate when compared to less maneuverable designs. For
example, an acherman steering vehicle can go straight simply by locking the
steerable wheels and driving the drive wheels. In a differential drive vehicle, two
motors attached to the two wheels must be driven along exactly the same velocity
profile. With four wheel omnidrive, such as the Uranus robot, which has four
Swedish wheels, the problem is even harder because all four wheels must be driven
at exactly the same speed for the robot to travel in a perfectly straight line.

2.5 Legged - Wheeled Mobile Robots
Legged - wheeled mobile robots might offer the best maneuverability in rough

terrain. However, they are inefficient on flat groud and need sophisticated control.

Hybrid solutions, combining the adaptability of legs with the efficiency of wheels,
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offer an interesting compromise. Solutions that passively adapt to the terrain are of
particular interest for field and space robotics. The Sojourner robot of Nasa/JPL
(Figure 1.5) represents such a hybrid solution, and it is able to overcome objects up
to the size of the wheels. A more recent mobile robot design for similar applications
has recently been produced called Shrimp (Figure 2.7). It has six motorized wheels
and is capable of climbing objects up to two times its wheel diameter [Lauria, 1991].
This enables it to climb regular stairs although the robot is even smaller than the

Sojourner.

Figure 2.7 Shrimp having six motorized wheels [Lauria, 1991]

In this chapter alternative driving systems that are applicable to mobile robots are
presented. Wheeled, tracked and legged mobile robots are presented in detail, their
advantages and disadvantages are discussed. Appropriate steering types for our
design are evaluated. As a result of this discussion, it is decided to design a
configurable robot base that can be driven by wheels and tracks. Next chapter will

explain the design steps and calculations regarding this robot base.
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The purpose of this thesis is to design and manufacture a mobile robot that is not
only capable of successfully traversing over mixed terrains but also a configurable.
The requirement of configurability has certain implications on how the robot body

and the parts attached to it are designed. In this chapter, the design procedure carried

CHAPTER Il

DESIGN PROCEDURE

out to determine the details of these parts are presented.

3.1 Shaft Design

Our robot is intended to be used in three different configurations: with wheels, with

tracks and with both wheels and tracks. Therefore, rather than using only one shaft it

is considered to use two shafts that can be attached to each other.

Y

Figure 3.1 Shaft loading

The allowable shaft diameter given in Figure 3.1 can be given as follows:
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4
_ ﬂ(bZ_LZHA(SaZ—GabLZLZ) (3.1)
3E7Zi-6allowable 3EﬂLea||0Wﬁb|e
where
:ZF'b'X(x +b? )+Z (x +3a’° —6aL+2L%) (3.2)
6EIL
eallowable = Z I I (b ) z—(3a —63. L+2L2) (33)

6EIL

The shaft diameter should be checked in terms of torsional deflection and bending
stress.

T
T< Tsafety and 7 = W =>7= ﬂd3/16 < safety
t

(3.4)

<o

7Zd 3 /32 safety (35)

O < O gypery AN O'IVT:>O'=

m

Using the allowable shaft diameter equation (Eqn. 3.1), the required shaft radius R
and length L are computed to be around 10 mm and 75 mm respectively. Finalized
details for all dimensions are available in Appendices B.11, B.12, and B.16. As
mentioned above, there are two shafts to be designed and they should be easily
connected to one another as in Figure (3.2) and (3.3). Dimensions of the shaft shown

in figure 3.2 is calculated as follows:

A, =1(2ar +2d) (3.6)
FTf = ApIuP (37)
M, =F % (3.8)

where A, is placed area, P is the pressure on placed area, F; s total friction

force, M, is friction moment, and M, is moment to be transmitted. In order to

transmit moment safely, M; should be greater than M .
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Figure 3.2 CAD drawing of the designed shaft

Figure 3.3 Assembling two shafts for using wheels and tracks at the same time

o-safet Pmax
Ty = Tmax = 1— C2 = safety (39)
Oy
z'safety = S (310)
c="_ (3.11)
R .

Friction moment is expected to be larger than transmitted moments.

M, =SM, (3.12)

M, =,u|(27z'r+2d)P% (3.13)
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The pressure generated over the placed area should be less than the critical stress to

yield the material.

I:)max = O-S;fety (1_C2) (314)
2M
P =—"1 (3.15)
wdl (27 + 2b)
So P should be in between Ppin and Ppax
I:)min < P < I:)max (316)

As a result r, d and | dimensions were found as 4.25, 6.50 and 30 mm respectively.

All dimensions are presented in Appendix B.16.

3.2 Set Screw Selection

Two shafts are connected to each other as shown in figure 3.3.To maintain the shafts
in place, a screw is used (Figure 3.4). The reliability of this screw is very important
for the safe motion. Therefore, the screw selection should be carefully made.

Material properties of the selected screw are as follows:

Iron 70, o, = 365N /mm?* and 7, = 260N / mm’

L

o
Y
—

Figure 3.4 Screw used for the shafts connection
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Screw used to connect the shafts should resist the maximum shear force that occurs
when a 200N loading is assumed for each wheel. Axial loads are assumed to be less
than 200N.

= E < T safety (317)
Tys

z-satfety = ? (318)

For M3 screw, h = 0,5 mm, t = 0,3 mm and, safety factor S is taken to be 2.

7 = 2IN/mm? (3.19)

Toarery = L3ON / mm? (3.20)

Since r <7 selection of M3 set screw is safe against shear.

safety !

Screw used to connect the shafts should also resist the maximum bending stress.

3Ft

o= W < O safety (321)

O oy = 2 (3.22)
safety S

o =60N/mm’ (3.23)

O gatery = 183N/ mm? (3.24)

Since o <o, Sselection of M3 set screw is sound when bending stresses are

considered.

As a result, M3 screw can be safely be used as the set screw in this design.
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3.3 Bearing Selection

Bearing selection is done by first identifying the loading conditions, followed by
theoretical calculations. These calculations are then adjusted by making use of the
guidelines presented in the manufacturer’s catalogue to compensate for the actual
loading conditions and finally a bearing is selected. The details of this selection is

presented in the next section.

The loads applied to the bearings generally include the weight of the shaft and the
robot body as illustrated in figure 3.5.

I _F_s_h_ait__.___l._._._ ______
v R
A T -
N wheel FN pallet

Figure 3.5 Loads applied to a bearing

The following procedure is used in selecting the proper bearing from manufacturer’s

catalogue.

e Radial and axial loads are to be determined.

e Equivalence load (F) is to be calculated. (manufacturer catalog will be used)
e Appropriate bearing type is to be determined.

¢ Rough life expectation is to be determined.

e Dynamic load number (C) is to be determined.
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When a radial or axial load is mathematically calculated, the actual load on the
bearing may be greater than the calculated one because of possible vibration and

shocks that the robot will be exposed to during motion.
The actual load may be calculated using the following equations;

F=fF (3.25)

F=fF (3.26)

where F,and F, are loads applied on bearing (N), F _and F, are theoretically
calculated loads (N), and f, is load factor. Commonly used values for selecting the

load factors f, is given in Table 3.1.

Table 3.1 Load factors

Operating Conditions Typical Applications f

: Electric motors, machine
Smooth operation free 1-1,2
from shock tools, air conditioners
Normal operation Air  blower, compressors, | 12_15

elevators, cranes

Operation accompanied | Construction equipment, 15-3
any vibration crushers, rolling mills

The key value that we have used in manufacturer’s catalog data is the bearing rated

dynamic load capacity, C.

Life expectancy L can be calculated as follows:
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L= Loy (3.27)

r

where

L, = rating life (1x10°)
L = life expected for radial load, F,

C = rated load capacity of bearing

For design purposes it is more convenient to determine the required rated load C,

so that bearing selection can easily be done from the manufacturer’s catalogue:

L o
Creq = Fr (L_)03 (328)

R

To obtain a reliability value greater than 90%, a reliability factor K, = L/L, must be

applied to the rated life. Proper K, values are given in Table 3.2. (e.g. for reliability =
99%, K,=0.21)

Combining all of the above equations gives the yields equations (3.29) and (3.30).

C 3.33
L=K,Ly| ———— 3.29
' {(FﬁFa)KJ 429)

L 0.3
C,..=(F +F 3.30
req ( r a)|:KrLR:| ( )

where K, is the application factor for case in which the load on the bearing has some

degree of impact. We have used it as 1.

As a result, SKF deep groove ball bearing with single row has been selected; inner

and diameter outer diameter are 20 mm and 32 mm respectively.
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Table 3.2 Reliability factor table

Reliability % Life Rating Reliability factor K, =L/L,
90 Lo 1,00
95 Los 0,62
96 Los 0,53
97 Lo 0,44
98 Loz 0.33
99 Loz 021
99,5 Loos 0.15
99,7 Loos 0,105
99,9 Loos 0,055

3.4 Key Design

In order to secure the rotating parts, keys must be used. First of all, to obtain the
required design equations, key dimensions must be specified. A square prism key is

selected as illustrated in Figure 3.6.

A
Y

Figure 3.6 Key dimensions
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The legend for Figure 3.6 is as follows:

h key height

ty key way depth
t2 key depth

I key length

b key width

P power (kw)

n rpm

For the sake of design calculations, following assumption is made:
t,=h-t (3.31)

We have selected alloy steel as key material and Al 6061 as shaft material. Shaft

housing material is polyamide or Al 6061 for tracks and wheels respectively.

Equations (3.32) and (3.33) can be used for key, shaft, and shaft housing materials.

O ys

Psafety = Sy (332)
T ys

z-safe'[y = S (333)

where S is the safety factor.

Moment to be transmitted that indicated by M; (N-m).
P

M, =950 =d =M,; % (mm) (3.34)

Length of key is to be determined after strength calculations.
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Mt
Fo=g75 N (3.35)

where F, is the tangential force.

P= il < Pegeyy (3.36)
It,
P can be equal to P, . In this case
| = i (mm) (3.37)
t2 Psafety
: F,
Control of key for cutting 7= ol < Toatery (3.38)
Ft
Control of shaft P= TS < (Pastety ) shatt (3.39)
1

As a result the keys dimensions are selected as 30 x 3 x 4 (I x h x b).

3.5 Palette (Track) Selection

Double-Sided Timing Belt as shown in Figure 3.7 is chosen to be used as a palette.

7
f

b
X

e

Figure 3.7 Double-Sided Timing Belt
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The details of the double sided timing belt selection can be given as the follows.

Transferable torque of the timing belt is:

_z,Mdnb
t

M

(3.40)

Maximum number of engaging teeth that can be used for selection of the timing belt

is:

Ze — Zl 0’5_M
19,74a

Peripheral force of the two sided timing belt is:

F, =Fzpb

Required torque (N-m) and torque listed for belt are:

~ P*9549 T

T and T, = —
n b

Reference circle diameter (mm) is:

Length of the belt (mm) is:

(Dl — Dz)z

L=2a+157(D, +D,)+ i

Also notations used above can be listed in order to easy realization as follows:
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(3.42)

(3.43)

(3.44)
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zZ, Number of teeth of pulleyl
zZ, Number of teeth of pulley2
t Pitch (mm)
a Center distance (mm)

Spec. peripheral force per engaging tooth and per cm of belt width
M
b

Transferable torque per engaging tooth and per cm of belt width

Width of the belt (cm)
D, Diameter of Pulley 1
D

F

,  Diameter of Pulley 2
P Required power (kW)
N Driving speed (rpm)

After required calculations are carried out, M; turns out to be 0,195Nm/cm =
19,5Nmm/mm. To meet this need, T10 with steel cord is selected (NSW Company
SECA Timing Belts [Track]). The pulleys to be used with the selected belt are

designed and manufactured by us.

3.6 Frame Design

To construct the frame of the robot base aluminum profiles are designed and
manufactured. Figure 3.8 shows the aluminum profile used in building the frame of
the robot body. The robot body is illustrated in figure 3.9. Aluminum profiles are the
building blocks of the robot body. The slots are intended to facilitate the
configurability of the robot base. A total of 4 slots are used, two on one face, one on
the other, and one slot along the top edge of the aluminum profile as illustrated in

figure 3.8.

Two slotted side faces the inner side of the robot body. Movable bars are inserted
into these slots. By using these beams, internal elements of the robot can easily be
managed within the robot body. For example, the batteries, computer mainboard and
other accessories within robots body can easily be moved around. Additional

elements can also easily be added to this robot structure in the future. These slots are
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also used for carrying the motor mountings, and connecting the profiles. The slot
placed outside is used for mounting the bearing hubs. Top grove is reserved for

future use.

Detailed drawing of the aluminum profile is given in Appendix B.5.

Figure 3.8 Aluminum profile

300
Movable beams

Aluminum profiles

Outside slot

Figure 3.9 Frame with movable beams
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3.7 Bearing Hub Design

Our robot design requires that the robot can be used with and without tracks. When
tracks are used, their tension has to be arranged by using some mechanism. The
proposed solution in this design is to shift bearing hubs in the aluminum profile slots
and fix them at desired locations. Since only one of the two shafts on one side of the
robot is to be sliding, the other can be fixed. This implies that two different hubs are
to be designed. The first hub (Figure 3.10a) is for the fixed shafts which are
connected to the motor, the second one (Figure 3.10b) is for the movable shafts
which are used for stretching the palettes. Dimensions of the bearing hubs are

available in Appendix B.3 and B.4.

a) b)

Figure 3.10 Bearing Hubs
a) Hub for fixed shafts, b) Hub for stretching the palettes

3.8 Motor Mounting Design

Almost all motors can be mounted given a little ingenuity and elbow grease.
Nevertheless, the material of the motor mounting should be selected very carefully.
Considering the required shape of the motor mounting (illustrated in figure 3.11),

without further analysis, we preferred steel to aluminum as the mounting material.

The mountings are designed to be able to move inside the slot of the aluminum

profiles so that motor positions can easily be adjusted within the robots body. This
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feature is also important from the configurability point of view of this design. For
example, if the reduction ratio between the motor output and robot wheel shaft is to
be changed, this adjustment will not have any implications on neither on the
mounting nor on the robot body frame. All dimensions of the motor mounting can be

seen in Appendix B.6.

Slip into slot of the

aliiminiim nrofile

Figure 3.11 Motor Mounting

3.9 Palette Stretcher Design

To stretch the palettes, a stretcher is designed as illustrated in figure 3.12. This part
is fixed to the frame then bearing hub is stretched by using two screws. Dimensions

of the palette stretcher can be seen in Appendix B.15.

Screw hole used to fix the
strecher

Screw hole used to strech
the palettes

Figure 3.12 Palette Stretcher

44



3.10 Track Pulley (Wheel) Design

Appropriate pulley for the selected belt is designed. It is manufactured from
polyamide to decrease the weight. The track wheel is shown in figure 3.13.

Figure 3.13 Palette pulley

3.11 Movable Beam Carrier Design

To carry the movable beams as well as the motor mountings, a carrier is designed
and manufactured. This beam carrier is shown in Figure 3.14. Dimensions of the

movable beam carrier can be seen in Appendix B.1.

Figure 3.14 Movable beam carrier

45



3.12 Motor Selection

Motors are the most important part of the robot base since they do provide the
motion of it. Various types of motors are available for the mobile robots. In order to
have a successful robot, the motors should be selected very carefully. Alternative
motors are DC, RC servo and stepper motors and a comparison of these are given in
Table 3.3. RC servos are commonly used for hobby purposes, their use is very easy.
With slight manipulation continuous rotation can be obtained from these motors,
however, they are neither efficient, nor strong enough for our applications, therefore,
they are opted out. Stepper motors also provide ease of use and easy open loop
position control. However, their power vs. size performance is definitely not
appropriate for our applications. As a result, permanent magnet brushed DC motors
are chosen as the actuators of our robots. Permanent magnet brushed motor is
selected due to its availability, simplicity of the control circuitry and low cost.
However, the configurable nature of this robot base allows the users to switch to any
kind of motor as long as it is physically possible to fit it into the robot base. In terms
of manufacturing, the only overhead of switching motors will be the design and

manufacturing of motor mountings.

To figure out what we need to look for in a motor, it is needed to define how we
want our robot base to perform. The procedure used in selecting an appropriate

motor is given as follows.

1. Deciding on the environment in which the robot base will be driven and also
possible external forces.

2. Deciding on the maximum speed of the robot base that we want it to reach.

3. Deciding on the maximum acceleration of the robot base that we want it to
achieve.

4. Estimating all the parameters of the robot base.

5. Constructing a dynamic equation for the robot base. (A control procedure is also
presented for this model in Appendix A.)

6. Checking whether robot base can achieve the desired maximum speed and

acceleration or not.
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This procedure is iteratively used in selecting a proper motor from manufacturer’s
catalogue. Maxon manufactures high quality motors, and they are preferred not only

in many other mobile robots, but also in several different industrial applications.

Therefore, at the end of this analysis, a Maxon motor will be selected.

Table 3.3 Comparing features of mobile robot motor types

Motor
Type Benefits Detractors Best For
e Commonly available e Too fast, needs gearbox
. ) v" Large robots
o Great variety e High current usually
DC Motor
o Most powerful e Harder to mount wheels
e Easy to interface e More expensive
® A must for large robots e Complex control(PWM)
o Gearbox included e Low weight capability
. . *Small robots
o Great variety o Little speed cotrol
. *Legged robots
® Good indoor robot speed
Hobby .
® Inexpensive
Servo
e Good small robot power
Motor
e Easy to mount
e Easy to mount wheels
e Easy to interface
o Medium power required
® Precise speed control e Heavy for their power *Line follower
e Great variety e High current usually *Maze solver
Stepper | Good indoor robot speed e Bulky size
Motor e Easy to interface e Harder to mount wheels
® Inexpensive e Not very powerful
e Complex controls needed

As mentioned within the given procedure above, a model for the robot base is

necessary in order to select a proper motor. The Figure 3.15 illustrates a basic way to

model the moving robot base.
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Figure 3.15 Robot base model used in selecting the proper motor

For choosing the motors for the robot base, we need to know how the performance
criteria of the robot along with the forces that the base will be in interaction with.
After some manipulations, the required forces to move the robot base can be given
as:

Fapp = Fue 4t + Fye i1+ mgsin @ (3.46)

where @ is the slope angle, m is the total mass of the robot base (+wheel + track),

and u is the coefficient of friction.

Note that robot base’s velocity is desired between 0,6-1 m/s that is the speed of a
walking soldier / person. Motor velocities based on robot’s translational velocity can

be computed as:

Vrobot = Vmotor Dw % (347)
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Figure 3.16 illustrates how force, torque and power requirements of the robot base
change with the change in slope of the surface that the robot moves on. Police and

military specs suggest that such robots should be able to climb slopes of 30°.

Force Required to Move the Robot Base

1
40 50 60 70 80 90
Slope Angle [degree]

Force to be Applied to Move ROBOT BASE [M]
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Torque Required

Torque [N-m]

Slope Angle [degree]

Figure 3.16 The required data for the motor selection

As a result, RE-Max series 40 Watt DC motor is selected from Maxon’s catalogue.

All the data about this motor is given in the Table 3.5.
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Table 3.4 Data of the Motors Placed on the Robot Base

Voltage No Load At Maximum Efficiency Stall
g) © = = @ @ =
= 2 - —~|¢ S c =15 . —~ c
N I o - O o =y =
s gle<lg=slzZ=1& |35 6 &R S| & |5
S z O o |F <P = =10
12-24 12 72 0,35 36 3,5 | 54600 | 40 | 240000 6
12-24 24 36 0,5 18 | 1,75 | 54600 | 20 | 120000 3

3.13 Robot Base Control

Within the scope of this thesis, only the design and manufacturing of a mixed terrain
robot base is planned. Application of advanced control techniques is left for future
studies. However, in order to carry out the experiments on mixed terrain, it is still
necessary to easily move this robot around. It is also important to demonstrate for
future users that this robot can easily be controlled via a PC. Hence, basic drivers on
the PC side should be written. This involves development of a microcontroller based

system on the robot side, and a sample software package on the PC side.

On the robot side, a small microcontroller board with PIC 16F877 is designed and
manufactured (Figure 3.17). A small motor driver board with LMD 18200 H-bridges
are also manufactured and connected to the microcontroller board. PIC 16F877 is
chosen not only because it is commonly available on the market. 16F877 has many
pins that can be reserved for future use, and also available bootloaders for this
microcontroller provides a simple development environment with minimal hardware
installed on the robot. LMD 18200 is also selected for its simplicity in use. With this

IC a simple motor driver that will survive long enough to carry out the basic driving
test can be constructed quickly.

On the PC side, a small program is written. A snapshot of this program is illustrated

in figure 3.18. This program opens a serial connection to the robot via RS232 and
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talks to the robot. With this program, the microcontroller algorithms can be
debugged, individual motors can be controlled for test purposes, and by using the
virtual joystick, the robot base can easily be driven around. In the future, this wired
RS232 connection to the robot will be replaced with wireless links. Currently, an RF
and WI-FI connection is planned.

sToP

Figure 3.18 Graphical user interface for robot base control
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3.14 Battery Evaluation

Robot base carries two 12 V — 7 A batteries. When robot base is taken out for
mission, it is important to be able to estimate how long these batteries will last at an
approximate rate of discharge. Therefore, battery capacity must be taken into account
during the design procedure. To calculate how long the battery will really last,

“Peukert’s Formula” can be used.

T=C/I" (3.48)

C is theoretical capacity (in amp-hours, equal to actual capacity at one amp), I is
current drawn form the battery during operation (in amp), T is the time the battery
will last (in hours), and n is the Peukert Number for the battery. The Peukert Number
shows how well the battery holds up under right rates of discharge. This number n
most ranges from 1.1 to 1.3. The closer n gets to 1, the better the performance. This
number is determined empirically, by testing the battery at different rates. For the
batteries that we used, the Peukert Number is taken as 1.3 (according to our
experiences). Figure 3.19 illustrates the performance curve of the battery plotted for
n=13.

Capacity vs Discharge Rate

Capacity of the Batery [A-h]

0 i i i i 3
0 0.5 1 1.5 P 25 3 35 4 4.5
Discharge Rate [A]

Figure 3.19 Battery duration under load
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It is seen from the graph that discharge rate of 2.5 A the batteries can hold up to 2
hours. This prediction is consistent with our tests results. The battery is chosen based
on availability and price. It is needless to say that better (more expensive) batteries
will perform better, yet, even these batteries provided enough energy to carry out

several experiments with a single charge.

This chapter presented the details of the design procedure that was carried out prior
to the manufacturing of the robot base. All of the essential parts of the robot base are
introduced, and critical calculations used in determining the dimensions of these
parts are presented. As a result, this chapter provides the design steps towards
manufacturing a configurable robot base that can be driven both by wheels and
tracks. Next chapter will present detailed analysis on the configurable structure of the
robot.
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CHAPTER IV

CONFIGURATIONS OF THE DESIGNED ROBOT BASE

Generally, robots designed for rough terrain are not very successful on smooth
surfaces, and it is also true that robots designed for indoors are doomed to fail
outdoors. This thesis attempts to design and manufacture a configurable robot base
that is capable of handling mixed terrains. This is done by combining wheels and
tracks on a single robot through which, smooth surfaces are traversed mainly on
wheels, whereas tracks provide the extra support necessary when the surface
becomes uneven. The configurable nature of this design also allows the user to
choose either the wheels or the tracks, and only keep it on the robot by uninstalling
the other. Especially, if the robot will be used in an environment in which the surface
conditions are not going to change, this will improve the usability of the proposed
robot design.

In this chapter, alternative robot base configurations will be discussed. As mentioned
in the previous chapters, robot base is designed to be used in three different
configurations: with track, wheel (Figure 4.1) and track + wheel (Figure 4.2). In the
design stage, the related parts are designed in order to realize these configurations. If
both tracks and wheels will be used, tracks are connected to the robot body first, then
the wheels are connected to the tracks. Two shafts that easily interlock with each
other are used for this purpose. The time to convert the robot base from the wheeled
+ tracked to the tracked and from tracked to wheeled takes a short time (a few
minutes). The system is specifically designed to fulfill this since switching between

configurations might be necessary in the field, and proposed design is ready to
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handle it. Note that all the materials used can be seen from the Table 4.1. Kinematic

and dynamic analysis of the robot base can also be seen in Appendix A.

Figure 4.1 Two different configurations of the robot base with tracks and wheels

Figure 4.2 Wheeled & Tracked robot base (solid model and manufactured robot)

Throughout this chapter, performance of different robot configurations while moving
up hill and moving along an inclined surface will be discussed. The required models
for these configurations are given in detail and their performance with increasing
slope angles is evaluated, results are presented in terms of plots. Secondly, tracked
robot base configuration will be modeled and it will be detailed. For all the
configurations, different conditions will be tested such as turning and climbing

capabilities, tip over angle, etc.
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Table 4.1 Material List

Part Name Material V\/(egig)ht Txﬁgsg d& Wheeled | Tracked
Profile Right [ Aluminum 1080 1080 1080 1080
Profile Left Aluminum 1080 1080 1080 1080
Profile Front | Aluminum 660 660 660 660
Profile Back | Aluminum 660 660 660 660
Top Shield Aluminum 250 250 250 250
Bottom Shield | Aluminum 250 250 250 250
Pallet Shaft Aluminum 60 240 0 240
Wheel Shaft | Aluminum 120 480 480 0
Bearing Steel 100 400 400 400
Bearing Hub | Aluminum 100 400 100 400
Bolts Steel 100 100 100 100
Movable Beam | Aluminum 300 900 900 900
Profile Holder Steel 50 200 200 200
Movable Beam | gieei 30 180 180 180
Track Stretcher | Aluminum 40 80 0 80
Palette Rubber 320 640 0 640
Wheel Rubber 600 2400 2400 0
Key for Wheel | Aluminum 10 40 40 0
Key for Palette | Aluminum 13 52 0 52
P‘Il)lifeyt tior Polyamide | 900 3600 0 3600
Pulley M. Belt | Aluminum 40 80 80 80
Pulley Motor | Aluminum 40 80 80 80
Motor Aluminum 510 1020 1020 1020
Motor Housing | Aluminum 80 160 80 80
Battery 1000 1000 1000 1000
Cables Plastic 50 50 50 50
Total (gr) 16082 11090 13082
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The last topic investigated in this chapter is on the robot’s obstacle handling
capability. The required speed for the robot to go over obstacles of different heights
is investigated. This is modeled for two cases. In the first case the obstacle only
contacts with one side of the robot, or in other terms, only wheels on one side of the
robot touch the obstacle. In the second case, the whole robot is expected to go over

the obstacle.

4.1 Robot Base Driving Up Hill

Robot base is designed so that it can move on mixed terrain and on mixed terrain
driving up hill is unavoidable. To investigate the climbing performance of this robot
a robot model is formed as shown in figure 4.3. In this set it is assumed that, palettes

and wheels always contact with the ground. Equations required are as follows.

Figure 4.3 Robot base driving slope up
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The design equations are:

> F = w7 Fy + 1,7 Fy —mgsing
Y F, =Fy +Fy —mgcosd

> M =FL, -mg(L,cosé+hsing)

4.1)
(4.2)

(4.3)

Normal forces (Figure 4.3) between ground and the contact points can be obtained as

follows:

mg(L,, cosé + hsin g)

Fu = L
Fo- mg((L, — L )cos@ - hsin@)
I_W
where
D Rear wheel diameter (mm)
D, Front wheel diameter (mm)
L, Distance center of front wheel to center of gravity (mm)
h Height of center of mass about plane (mm)
0 Slope angle (degree)
m Robot mass (kg)
N Robot weight (N)
g,.. Maximum drive torque applied to both rear wheels (N-mm)
g4  Maximum drive torque applied to both front wheels (N-mm)
Y7, Coefficient of friction
F,.  Normal force between both rear wheels and ground (N)
F\,  Normal force between both front wheels and ground (N)
F,  Total tractive force generated by both rear wheels (N)
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F,, Total tractive force generated by both front wheels (N)

F, — Total tractive effort of the robot (N)

F Force from gravity acting along the slope(N)

g

7 =1

> For FWD (Front Wheel Drive)
7, =0
v, =0

> For RWD (Rear Wheel Drive)
7, =1
Yy =1

> For AWD (All Wheel Drive)
7, =1

While robot base is simulated using the equations given above, tracked and tracked
& wheeled robot bases provide an AWD robot whereas wheeled robot base can be
considered as FWD or RWD depending on the way it is driven. Normal forces
between ground and the contact points for these configurations are illustrated in
Figure 4.4. These plots tell us that while slope angle is continuously changed, normal
forces at the front decrease and tip over case occurs when the normal force becomes
zero. That means contact between wheel and ground disappears, however, this is
more of a theoretical observation than a practical one, since before tipping over, the

robot will slide on this surface.

Mormal Forces Caused from Ground Mormal Forces Caused from Ground

Normal Forces, FN, [N]
Normal Forces, FN, [N]

" i i i i i i o i i i i i i
0

Slope Angle, 6, [degree] Slope Angle, 6, [degree]

a) Tracked & Wheeled b) Tracked

Figure 4.4 Normal force caused from ground
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Normal Forces Caused from Ground

Normal Forces, FN, [N]

Y S S I R RN S N N
0 10 20 30 40 50 60 70 80 90
Slope Angle, 6, [degree]

c) Wheeled

Figure 4.4 (continued) Normal force caused from ground

A range of coefficient of friction for robot base configurations can be obtained from:

L, sin@

4.6
(7, =y NhsinO@+L,cosO)+y, L, cosO (46)

M2

Wheeled & tracked robot base that we designed is assumed as all wheel drive. The
advantage of all wheel drive can also be seen by comparing the coefficient of friction
values for front, rear and all wheel drive types as seen in Figure 4.5. The plot shows
that the required minimum coefficient of friction for the robot to remain on an

inclined surface without slippage.

Minimum p required vs surface slope

8 T T T T T I I T
: : : : : : +  Front Wheel Drive

Rear Wheel Drive
All Wheel Drive  []

Coefficient of Friction,y,

) 5 10 15 20 25 30 35 40 45 50
Slope Angle, & [degree]

Figure 4.5 Minimum coefficient of friction required for the robot not to slip on

inclined surfaces
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The critical slope angle that causes tipping over condition for the robot base is:
-1 L, - ch
0 = tan (T) 4.7)

Plot of normal force between ground and the contact points is seen in Figure 4.6.
When slope angle is nearly 60 degrees, normal force between rear and ground
becomes zero. That means contact between wheel and ground disapperas. After this

point, robot base tips over.

Maximum front and rear wheel tractive forces from drive torque are:

_ 27,8
T'Whax D

w

(4.8)

2 :
F _ yfgfw

N 4.9
SPimax D ( )

fw
where

Maximum rear wheel tractive force from drive torque (N)

"Wmax

F

. Maximum front wheel tractive force from drive torque (N)

Maximum front and rear wheel tractive forces before slip are:

Frw = 7rIUFNr (410)

=y uEy (4.11)

I'Wy ‘max

where

Maximum rear wheel tractive force before slip (N)

I'Wy ‘max

F, ~ Maximum front wheel tractive force before slip (N)

fwﬂmmx
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Total tractive force generated by both rear wheels is in a range and this range is

expressed in Equations 4.12 and 4.13.

Foo W F, <F,. (4.12)
FI"Wm

FTr
FTr

if F >F (4.13)

n
ax Wy max "Winax

And also total tractive force generated by both front wheels is:

Fy=Fh. 1f F <F, (414
Fy =Fg, W& Fy >, (4.15)
Total tractive effort of the robot is:

Fy,, = F, + Fy (4.106)
And force from gravity acting along the incline is:

F, =mgsin@ (4.17)

After these calculations, the case of whether the robot base can climb up a slope or

not can be determined as:

Robot can climb up the slope if 7, > F, (4.18)

Robot cannot climb up the slope if F;, < F, (4.19)

The condition whether the robot base can climb a slope up or not can also be
determined from the Figure 4.6. The dashed circle indicates the intersection point of
two curves which represent total tractive effort and force from gravity along the
slope. This intersection point gives the maximum slope angle that the robot base can

climb.
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Maxirum Slope Angle that Robot Base Can Climb

150 . Maxirum Slope Angle that Robot Base Can Climb
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Maxirurn Slope Angle that Robot Base Can Climb
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c) Wheeled

Figure 4.6 Maximum slope angle that robot base can climb

4.2 Robot Base Moving Along an Incline Surface

Another condition for robot base is the motion along an inclined surface (Figure 4.7).
For such a configuration, a basic model is derived as follows. Note that superscript
“S”

denotes the incline surface and distinguish these equations from the one for hill

climbing.
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Figure 4.7 Robot base moving along an incline surface

The equations for the modeling are:

ZFXS =ﬂ7/rFSNr +‘u}/fFSN/—mgSIIl9Y (4'20)
ZF);S = FS,, +FSNf _mgCOSGS (4.21)
S M* =F° wt, —mg(t, cosO, +hsin0,) (4.22)

Normal force between ground and the contact points can be obtained as follows:

mg(t,, cosO, +hsinb,)

F’yv = ; (4.23)
mg((t., —t._)cos@ —hsinf.

F'y = g(lty ~ly)00s0, :) (4.24)

tW

Plot of the normal forces is given in Figure 4.8.

The critical slope angle when the robot base moves along an incline surface is:
-1 tw - tcg

HS = tan (T) (425)
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Maximum front and rear wheel tractive forces from drive torque are:

Fori = 218 (4.26)
D

w

27,8 fu

b, (4.27)

s —
F frp =

Normal Forces Caused from Ground Normal Forces Caused from Ground

w
=)

= o @ = o
= = = = =

w
=

Normal Forces, FN, [N]
Mormal Forces, FN, [N]

20

I I 0 i I
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I I
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Figure 4.8 Normal Forces caused from ground

Maximum front and rear wheel tractive forces before slip are:

FSrW#max = }/F,LIFSNV (4.28)

FS'Wymax =7/fl[lF§Nf (4'29)
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The range of total tractive force generated by both rear is:

s _ s H s s
F TV - F mlﬂ max If F ml‘u max < F rwmax

PR— f s s
Firo=F'r, if Fr >F .

Total tractive force generated by both front wheels are:

Frp =F o, & Flp  <F'p.

Fy=Fp, it Fp  >F' s,

Total tractive effort of the robot is:

Firm = F’r +Fsrf

And force from gravity acting along the incline is:

F'y =mgsin0,

Whether robot base can climb up a slope or not can be determined as:

Robot can climb the slope if F'r. > F’¢ as seen in Figure 4.9.

Robot cannot climb the slope if F'r. < F*
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150

Force, [N]

All these equations and their implications cannot be visualized very easily. In order
to see the results more effectively, an active MS Excel worksheet is constructed. The

values in this table can be set as desired and the results are displayed at the output
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Figure 4.9 Maximum Slope Angle that robot base can climb

part of this worksheet.

After completing the modeling and simulation of three robot base configurations, a
comparison can be made between these three types. It is actually expected that the

best slope climber should be tracked robot base; the worst should be wheeled robot.

Table 4.3 shows that these expectations are not invalid.
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Table 4.2 User Interface for the robot base climbing slope

INPUTS
Rear wheel diameter (mm) 200
Front wheel diameter (mm) 200
Distance between wheels (mm) 347
Distance center of front wheel to center of gravity (mm) 173,5
Height of center of mass about plane (mm) 100
Slope angle (deg) 34,00
Robot base mass (kg) 16,08
Maximum drive torque applied to both rear wheels (N-mm) 10000
Maximum drive torque applied to both front wheels (N-mm) 10000
Coefficient of friction, mu 0,5
¥ 1
vf 1
OUTPUTS
Can the robot base climb up the slope? YES
Tip-over angle (deg, rad) 60,0
Required minimum friction coefficients:
Front wheel drive only required coefficient of friction 1,28
Rear wheel drive only required coefficient of friction 0,74
All wheel drive required coefficient of friction 0,47
Table 4.3 Comparison of three robot base configurations
Tip Over Angle
Slope Up Slope Side
Wheeled 60,0422° 70,6652°
Tracked 60,0422° 70,6652°
Wheeled & Tracked 62,5828° 72,4744°

Slope Angle that Robot can

Climb
Slope Up Slope Side
Wheeled 20° 20°
Tracked 35° 35°
Wheeled & Tracked 31° 31°
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4.7 Turning Capability of the Robot Base

The handling characteristics of the wheeled & tracked robot base have certain unique
features and are quite different from those of wheeled one. In differential steering,
the trust of one pallet is increased and that of the other is reduced so as to create a
turning moment to overcome the moment of turning resistance due to the skidding of
the palettes on the ground, as shown in Fig. 4.10. Since the moment of turning
resistance is usually considerable, significantly more power may be required during a
turn than in a straight line motion. Furthermore, braking of the inside palette is often
required in making a turn. [Wong, 1993]

The turning behavior of the robot base depends on the thrusts of the outside and
inside tracks Fy, and Fj, the resultant resistant force Ry, the moment turning
resistance M; exerted on the track by the ground. Our robot base works at low speed
so the centrifugal force may be neglected, and the behavior of the base can be

described by the following two equations of motion:

R, /2 B
/
V /
R, /2
M,
F,
F;
o i
12

Figure 4.10 Robot base turning [Bekker, 1956 and Nuttall, 1964]

2
s _p g _p

dtz o i tot (438)
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(F

,—F)-M, (4.39)

d’6 B
A2
where s is the displacement of the center of gravity of the robot base, € is the
angular displacement of the robot base, B is the tread of the robot (the spacing
between the centerlines of the two tracks, note that it can be assumed that the wheel
and the palette act as one body), and I, and m are the mass moment of inertia of the
robot base about the vertical axis passing through its center of gravity and the mass
of the robot base, respectively. The above two differential equations can be
integrated and the trajectory of the center of gravity and the orientation of the robot

base can be determined as discussed by Bekker [Bekker, 1956].

Under steady state conditions, there are no linear and angular accelerations as

mentioned below:

F +F —-R, =0 (4.40)
B

S(F,~F)=M, =0 (4.41)

The thrusts of the outside and inside tracks required to achieve a steady-state turn are

therefore expressed by:

FU — tot +Mr — frW+Mr (442)
2 B 2 B
R M M

F =B M. _JW M, (4.43)
2 B 2 B

where f, is the coefficient of motion resistance of the robot base in the longitudinal

direction which will be mentioned soon and W is the robot base weight.

To determine the values of the thrusts, F, and F;, the moment of turning resistance

M . must be known. This can be determined experimentally or analytically.
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If the normal pressure is uniformly distributed along the track, the lateral resistance

per unit length of the track, R,, can be expressed by:

uWw
R =—"— 4.44
iy (4.44)
where g, 1s the coefficient of lateral resistance and 1 is the contact length of the track.

The value of x, depends not only on the terrain, but also on the design of the track.

Table 4.4 provides guidelines for properly selecting 4, .

Table 4.4. Coefficient of Lateral Resistance, , [Hayashi, 1975 and Wong, 1993]

Track Material Concrete Hard Ground Grass
Steel 0,5-0,51 0,55-0,58 0,87-1,11
Rubber 0,9-0,91 0,65-0,66 0,67-1,14

Accordingly, Equations 4.42 and 4.43 can be rewritten in the following forms:

F = fTW N ‘Z_Z’l (4.45)

The motion resistance of a track is developed by Bekker [Bekker, 1969]. This is
based on Bekker’s pressure-sinkage relationship and can be given with the following

equation:
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R, =Wf = lk {K ! (4.47)
(n+1)b””(;"+k¢)””

where b and | are width and length of the track, respectively and n, k., k, are

pressure-sinkage parameters [Wong, 1993, pp. 118]

The sinkage of a track can be obtained as well as the motion resistance of a track.
This has also been developed by Bekker [Bekker, 1969]. By using the pressure-
sinkage equation proposed by Bekker, the sinkage for a track with uniform contact

pressure can be given by:

1 w n
7, =|—2 | =|—bL (4.48)
k./b+k, k./b+k,

. .. /4 :
where p is the average normal pressure on the track and it is equal to EYh A is the

contact area of the track [Wong, 1993 and 1998].

Equations 4.42 and 4.43 are of fundamental importance, and they lead to conclusions
of practical significance regarding the steerability of the robot base. For the outside

track:

Fo<cply P 1ang

o

(4.49)

where b is the track width and ¢ and ¢ are the cohesion and angle of internal

shearing resistance of the terrain, respectively. By rearranging the equations, we

obtain the equation below:

LSL{@+2tan¢—2fV}, (4.50)
B u | W
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where A is the contact area of one track. This indicates that, to enable robot base to
steer without spinning the outside track, the ratio of the track length to tread of the

robot base, / / B, must satisfy the following condition.

LS£[£+2tan¢—f,} (4.51)
B oulp

In the Table 4.5, different terrain values and in terms of these values some
calculations are given. Z, sinkage values, f; motion resistance, F, - F; , required
inside and outside forces during the turn (in kN) and lastly I/b values are calculated

and these results are compared with the real ones.

Note that real 1/b value isé = ?7(7) =0,60877 . This value should be lower than the /b

values which are calculated from the different terrain parameters.
After observing Table 4.5, it can be said that, all the I/b values which are calculated

by different terrain parameters are bigger than the real values, so our designed robot

base will be able to turn around itself on all kinds of terrain that are specified.
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Table 4.5 Robot base turning capability on different soil characteristics.

Dry Sandy Clayey Heavy Lean Clayey | ¢ 0w
Sand Loam Soil Clay Clay Loam

Moisture (%) 0 15 38 25 22 46 0
n 1,1 0,7 0,5 0,13 0,2 0,73 1,44

K¢ (kN/mn+1) 0,95 5,27 13,19 12,7 16,43 41,6 10,55
ki (KN/m™?) | 152843 1515,04 692,15 | 1555,95| 1724,69 2471 66,08
c (kPa) 1,04 1,72 4,14 68,95 68,95 6,1 6
fi (deg) 28 29 13 34 20 26,6 20,7
B (m) 0,57 0,57 0,57 0,57 0,57 0,57 0,57
L (m) 0,347 0,347 0,347 0,347 0,347 0,347 0,347

g (m/s?) 9,81 9,81 9,81 9,81 9,81 9,81 9,81
m (Kg) 16 16 16 16 16 16 16
W(KN) 0,1569 0,156 0,156 0,156 0,156 0,156 0,156
Zy (M) 0,001 2,03E-05 1,23E-06 | 4,64E-26 1,89E-17 1,57E-05 0,039

fr 0,001 0,001 0,001 0,001 0,001 0,001 0,001
Fo (KN) 0,015 0,039 0,063 0,087 0,111 0,135 0,158
Fi (KN) -0,015 -0,039 -0,063 -0,087 -0,110 -0,134 -0,158

P (kPa) 1,361 1,361 1,361 1,361 1,361 1,361 1,361
% 5,617 2,873 2,642 28,485 | 22,092 1939 1552




4.4 Obstacle Handling

Robot base is designed to be able to move on uneven terrain which means that is will
have move around obstacles. It should easily go over the obstacles, steps etc. This
necessitates the use of strong motors at the first place. To analyze obstacle handling
capabilities of this robot base two cases are considered. First case is when robot base
tries to go over the obstacle and the obstacle is under one side of the robot (marked
as one side contact). In the second case, the whole robot is driven towards the

obstacle (marked as two side contact).

Figure 4.11 Robot Base contacts with the obstacle from outside
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Figure 4.12 Robot Base contacts with the obstacle from inside

Robot base may contact with the obstacle from outside (Figure 4.11) or inside

(Figure 4.12).

Table 4.6 shows the required equations which are needed for analyzing the driving

over a step condition. Here the details about the equations are not given
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Table 4.6 Equations for driving step over for the robot base

Two Side Contact One Side Contacts
7 2mgA 2mgA
Nr L, + (wa /2)S L, + (wa /2)S
7 2mgB 2mgB
v (L, + D IDSNCH+ fin, 7 7S) (L, +(Dg, I 2)S)C + iy 7 S)
Hinin Hoy, Hiy
W y.D. /2 y,D. /2
F & p 8 h
fwmax
ViDp 12 ViDp /2
8 B T g Er T g
Frwﬂm 27/rluerNr 27’ﬂVWFNr
Fy, 27 1 Ey 27 p s Ey
Emu Fr Witmax + Ffw/‘max F"’W/‘max + Ffw/‘max
FTr 2/umin2 FNr 2lumin1 FNr
FTf 2/umin2 FNf 21uminl FNf
gmin FTr+FTr FTr+FTr

After modeling the stepping over a step condition for the robot base, it can be
determined whether the robot base can go over the obstacle (step) or not. If the
following condition is satisfied, the robot can climb over the specified obstacle, else

it cannot.

(Fy, <=F,, )*4AND(F, <=F,

rwi max

)*AND (F,, <= F

v <= Fp,, ) AND (Fyy <= F

r = JSfwpmax

). (4.52)
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MNormal Force Between Front Wheel and the Obstacle (1 & 2 WHEEL CONTACT)
43

MNormal Force [N]

0 5 10 15 20 25 30 35 40 45 50
Obstacle Height, h [mm)]

Figure 4.13 Normal Forces Between the front wheel(s) and the obstacle

In Figure 4.13, the normal forces are seen when the robot base contacts with an

obstacle. In this figure, forces are given for one side and two side contact, separately.
Figure 4.14 depicts the total tractive effort that is required when robot base crosses
over an obstacle. It is understood that robot base can cross over the obstacle with one

side contact more easily since it requires less power in this case.

Total Tractive Effort Required (1 & 2 WHEEL CONTACT)

Total Tractive Effort, FTr [N]

0 5 10 15 20 25 30 35 40 45 50
Obstacle Height, h [mm)]

Figure 4.14 Total tractive effort required to cross over the obstacle

In this chapter, designed robot base configurations are discussed. For wheeled,
tracked and wheeled + tracked robot base configurations required models are
constructed. Simulations are carried out based on these models for all three of the

configurations to test the obstacle handling and turning capabilities of the robot.
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CHAPTER V

RESULTS AND DISCUSSIONS

These tests aims to observe the performance of the robot while climbing up and
moving along an inclined surface, to determine tipping over conditions, capabilities
of crossing over an obstacle and power consumption. Also the results are going to be

compared with the military specifications given in Appendix E.

The first results were related to the slope performance. Robot base was tested on
terrain between A, B and C Buildings of the ME Department. The slope of the
inclined surface has been continuously changed to find the critical angle. Simulations
are also carried out for these cases on a similar surface. Test results are given as seen

Table 5.1.

Table 5.1 Simulation and test results for the slope angle that robot base can climb

Experimental Simulation
Tracked 310 340
Wheeled 19° 20°
Tracked + Wheeled 28" 31°

Another test was related to the tipping over case. The results were very close to the

analytical results. Table 5.2 shows the test and analitical results, respectively. Test
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were performed on a terrain which is between the A, B and C Buildings of the

Mechanical Engineering Department.

Another test is related to crossing obstacle over. These tests were performed both

indoor and outdoor. Robot is driven towards obstacles of various heights and results

are recorded and these results are as given in Table 5.2. And a comparison between

tests and analytical results is given in Table 5.3.

Table 5.2 Test results related to crossing over an obstacle

Obstacle

! 6,4 cm 8 cm 9cm 11cm 13 cm
Height
Tracked v v v v
Wheeled \
Tracked + N \ \
Wheeled

Table 5.3 Comparison between tests and analytical results

Crossing Obstacle Over

One Wheel Contact

Two Wheel Contact

Analytical Test Analytical Test
Results Results Results Results
Wheeled 9cm 8 cm 7 cm 6,4 cm
Tracked 18 cm 13 cm 11 cm 9 cm
Wheeled & 14 cm 11 cm 9,5 cm 7 cm
Tracked

It was observed during the tests if the operation area has lots of steps and obstacles, it

is not a good idea to use wheeled robot. Instead of wheeled one, tracked or tracked +

wheeled one should be used in such a case. As seen in Figure 5.1, if the robot base

meets such a case (obstacle is just stay between two wheels), it may not cross over
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the obstacle and it gets stuck. However if the tracked or tracked + wheeled one meet

such a case, it can cross over the obstacle that we have observed.

a) Wheeled robot base b) Wheeled + tracked robot base

Figure 5.1 Robot base that works to cross over an obstacle

Another observation from the tests, the wheeled robot base may not achieve going

step down. However tracked or tracked + wheeled robot base could achieve this task

very easily (Figure 5.2).

- ]

a) Wheeled robot base b) Tracked robot base

Figure 5.2 Robot base goes step down
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During the test, we were aware of the condition given in Figure 5.3. As seen from the
picture, wheeled robot base can not cross over the step very easily. Some times it
may get stuck in such a condition. On the other hand, tracked and tracked + wheeled
robot base can cross over the step very easly (Figure 5.3 and 5.4). This showed us the

superiority of the tracks to the wheels.

Figure 5.4 Tracked robot base crosses over a step

When robot base works on different types of terrain, power consumption is an
important subject. A simulation has been constructed and the simulation results have
been compared with the test results since improvement of the robot base in future

will be required some predesign tools.

Power consumption data was get from indoor and outdoor environment. Table 5.4

shows the data get from indoor environment. Table 5.5 indicates the results from the
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outside working environment. Indoor environmet denotes the corridor of the C Block

of the ME Department. Outside environment denotes the rough and smooth area

between A, B and C Buildings of the ME Department.

Table 5.4 Power consumption for indoor tests

Currnet ] .
Current At the ) Distance Time Power
During
Start ] Traveled Traveled | Consumption
A) votton (m) © w)
(A)
Tracked 1,65 1,1-1,3 10 16,6 26,4
Wheeled 1,15 0,9-1,1 10 12,5 21,6
Tracked + 1,85-1,9 1,3-1,4 10 14,7 27,12
Wheeled
Table 5.5 Power consumption for outdoor tests
Current . ]
Current At the . Distance Time Power
During
Start ] Traveled Traveled | Consumption
) otion (m) © w)
(A)
Wheeled 1,3-1,4 1,1-1,5 10 14,5 26
Tracked + 2-22 1,5-2,5 10 17 36
Wheeled

Table 5.5 and 5.6 show the power consumption obtained from the test results. These

results can be compered with the simulation results. Figure 5.5 shows a simulator

prepared to obtain the power consumption during travel. In this simulator, after

inputs are entered, power consumption, acceleration time, total travel time and peak

power can be obtained according to the distance traveled. Also while robot base
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travels, a group of plots is obtained. These plots are speed, distance, torque and

power versus time.

J Robot Base Motion Simulator

Number of Wheels: IT Humber of Driving ‘Whesls: IT
Number of Driving Motors: I 2 Diynamic Friction Coefficient: 0.05

Robat kazs [kal: IT Static Friction Coefficient: IT

Rradius [} IT Desired Distance [m]: IT

e

Figure 5.5 Robot Base Motion Simulator
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Plot of Speed vs. Time
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Figure 5.6 Simulation Results

The results obtained in Figure 5.6 are very close to the test results obtained in Table

5.5. Therefore we will have a chance for our future design of the robot base that we

can see the results of the robot base motion just before manufacturing.

As mentioned in Chapter IV, robot base can turn a radius of curvature as well as
turning around itself. This task is difficult for the wheeled one. Our observation from
the test results showed that wheeled robot base was inefficient during turning.
Therefore the motors draw high current from the batteries. On the other hand this
task was not difficult for the tracked one. It can achieve turning around itself or a
curvaure very easily. It was observed in the tests, the motors draw maximum 3,2 A

current from the batteries. This current value does not damage the motors, motor

controllers and the mainboard.
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After completing all the tests, we were able to decide the right configuration with the
right working condition. Actually, at the beginning of the design process our aim was
to catch these results at the end. Table 5.6 shows the comparison between
configurations and the working conditions. In this table, 3 indicates the best and 1
indicates the worst. It is clearly said that robot base can work on any types of terrain
with its three configurations. According to the desired conditions, it can be
reconfigured and used succesfully. With such a configurable robot base which has

not been designed and constructed yet, lots of tasks can be accomplished.

Table 5.6 Working conditions with the configurations

_ Wheeled &
Working Wheeled Robot | Tracked Robot
o Tracked Robot
Condition Base Base
Base
Rough Terrain 3 1 1
(Low Speed)
Rough Terrain 3 1 1
(High Speed)
Smooth Terrain 3 3 3
(Low Speed)
Smooth Terrain 3 o) 2
(High Speed)
Terrain with
Obstacles 1 3 2
(Low Speed)
Terrain with
Obstacles 1 2 3
(High Speed)
Step Up 1 3 2
Step Down 1 3 2
Slope Up 1 3 2
Slope Down 1 3 2
Turning Around 1 3 o)
Itself (Low Speed)
Turning Around
Itself (High 1 3 2
Speed)

86



CHAPTER VI

CONCLUSION AND FUTURE WORK

In this thesis, a modular robot base for mixed terrain applications is designed and
manufactured. The robot base can be configured to be in three different configurations:
wheeled, tracked and both tracked and wheeled at the same time. The modular structure
of the design allows the users to switch between configurations in short time by putting
on and off the proper modules. Due to this modularity at the actuation level, the robot
can work on mixed terrain, in other words it can move on all types of terrain. This robot
base can be used for different applications ranging from military applications to
agricultural applications. At the design stage, the expected performance of the robot is
validated via simulations and these simulation results are then compared to actual data
collected from the manufactured robot. Simulations are run under Matlab. Tests tasks
are carried out outside of the ME-C building. In these tests data on climbing up and
moving along inclined surfaces, tip over, slippage and crossing over obstacles, stepping
down between two surfaces are collected. Power consumption is also tested. All the test
results are compared with the simulation results. At the end, it was observed that
simulation results were very close to the test results. This is very promising in the sense
that computed improvements on the base will be expected to yield predicted results. All
the tests have been performed for each configuration separately and it can be said that
the robot base that uses tracks has an advantage when moving on the terrain having
obstacles and stairs. Hence, the superiority of the track to the wheel is justified.
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The robot is actuated by two motors housed within the robot body. The control of these
motors is done via an LMD 18200 ID that can drive 6 Amps of current at 56 Volts. A
microcontroller board is designed and manufactured. This communicates with a PC and
handles the actuation of motors based on the commands that are being sent by the PC. A
PIC 16F877 micrcocontroller running at 20 MHz is used on this board. A COM object is
created on the PC side. This software module handles the communication with the PIC

microcontroller over RS232 and allows the user to drive the robot via a virtual joystick.

In the near future, the cabled connection between this robot and a host PC will be
established via wireless communication, cameras and various sensors will be installed
and interfaced with the on-board PC. A robot arm is also planned to be designed and
mounted on this base. Such modification will especially be useful for police forces and
Turkiye Atom Enerjisi Kurumu (TAEK). It is also intended that several of these robots
can be connected with each other for specific tasks. Design of a flipper is also

considered.
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KINEMATIC AND DYNAMIC ANALYSIS OF
THE ROBOT BASE
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A.l. Differential Steering

Differential steering system is a reliable method that is commonly used especially in
small mobile robots. Differential steering system is also not uncommon to our daily
lives. For example it is the drive system of almost all wheelchairs. Two wheels
mounted on a single axis are independently powered and controlled, thus providing
both drive and steering at the same time. If both drive wheels turn in tandem, the
robot moves in a straight line. If one wheel faster than the other, the robot follows a
curved path. If the wheels turn at equal speed, but in opposite directions, the robot
pivots. Therefore differential steering is just a matter of varying the speeds of the

drive wheels to control a mobile platform.

In modeling our differentially driven robot base two modeling methods can be used.
First one is an elementary model which does not treat physical issues such as friction,
inertia, many mechanical details of motors, gearing, and wheel & palette-based
actuators. This method presents a way of computing the trajectory of the robot base
that is based on certain simplified assumptions. This method also presents equations
for dead reckoning and using odometry for robot base localization so it provides a
starting point for the development of algorithms for the future applications of the
robot base which are navigation, path planning, and other more challenging
problems. The second method provides a more detailed model. It includes friction,
gearing, motor details and wheel & palette specifications to the model. The details of

both methods are given below.

A.1.1 Simplified Robot Model

Before tackling the differential steering model, let’s consider the problem of getting
our robot base designed to make a 90-degree turn around a corner in a hallway or a
road. An approach would be for the robot base to round the corner, following a
gradual circular arc through the intersection while maintaining a steady speed. To
accomplish this, the speed of the outer wheel should be higher than the inner one. To
start with it is assumed that a circular path is followed by the robot as shown in

Figure A.1.
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Figure A.1 Robot base turning a circular path with constant speed.

S, =r6 (A.1)
S =(r+0)0 (A2)
S, =@r+1/2)0 (A3)

where S,, S, give the displacement (distance traveled) for the left and right wheels
respectively, r is the turning radius for the inner wheel, | is the distance between
wheels (from center-to-center along the length of the axle), and @ is the angle of the

turn in radians( &

radians

= Oegrees (7/180)). S, 1is the displacement of the center point

on the main body. Equations (A.1), (A.2), (A.3) confirm that when the wheels turn at

fixed velocities, robot base follows a circular path.

Note that there is an important simplifying assumption that the wheels and pallets

maintain a steady velocity, and also in this part only, the effects of the acceleration
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are neglected. But soon they will also be substituted into the equations. Robot base

is considered as a rigid body.
do/dt =, —v,)/l (A4)

Integration of Eqn. A.4 and taking the initial orientation of the base asé&(0) =6,,

robot base’s orientation can be written as a function of wheel velocity and time.
Ot)=W, —v)t/1+86, (A.5)

This change in orientation also applies to the absolute frame of reference. Position as

a function of time can be obtained as follows:

dx/dt =[(v, +v,)/2]cos(0(1)) (A.6)

dy/dt =[(v, +v,)/2]sin(6(1)) (A.7)

Integration and applying the initial position of the robot base x(0) = x,, »(0) = y,.

x(t) = x, + %[sin((vr —v)t/1+86,)—sin(6,)] (AS)
(v, +v)

Y(t) = yy + == [cos((v, =)t /1 +6,) - cos(6,)] (A.9)
2(‘}1* - vl)

Finally, when constant accelerations are also considered, equations can be ordered as

follows:
0(t) = Ct* + Dt + 6, (A.10)
&= (At + B)cos(Ct* + Dt +6,) (A.11)
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= (At + B)sin(Ct* + Dt + 6,) (A.12)

where

A=(a, +a,)/2 (A.13)
B=(w, +w,)/2 (A.14)
C=(a, —a,)/2l (A.15)
D=(w,—w)/l (A.16)

where, w, and w; are initial velocities, a, and a; are constrant acceleration.

A.1.2 Detailed Robot Model

The second method is a bit more detailed. It contains friction, gearing, motor detail
and wheel specifications. DC motors are expected to have reduction before getting

connected to the wheels and pallets.

Robot base shown in Figure A.2 has wheels and palettes that are same radius of 7,

and distance of / (Actually the radius of them is very close to each other. They may
be considered they are same since it is assumed that wheels and palettes always

contact with the ground). Inputs can be specified as follows:

®, 1s the angular velocity of the motor on left [rad/s]

@, 1s the angular velocity of the motor on right [rad/s]
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Figure A.2 Robot base turning a circular path.

Instantaneous curvature can be obtained when @, is not equal @, shown Figure A.2.

The linear and angular velocities of the center of the robot base are:

rW

v=5(a), +w,) (A.17)
r,

a)zlé(a),—a)r) (A.18)

where Q is gear ratio.

The radius of the instantaneous curvature is then given by

(A.19)

If v and w are inserted the above equation, Equation (A.20) is going to be obtained.
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R _L w, +w,

c

) (A.20)

2 w,—w,
and the Eqn. (A.21) shows the relationship between the angular velocity of the left
side and that of the right.

w,  [+2R,

w, 2R —I

(A.21)

State space equation describing the orientation of the robot can be given from Eqn.

(A.18) by
0=f= (0, -o) (A22)

From Eqn. (A.17) state space equations describing the position of the robot can be

given by
= 2”9 (0, + @ )cosd (A.23)
Re= er (0, +@,)sin g (A.24)

The equation of motion for differential drive robot base can be given by

2Q7,

r

w

M= -F

friction

(A.25)
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where # is acceleration of robot base. Now, it is required that we should mention

about friction forces. Typical friction forces include;

e Friction with the ground
e Friction with the rotor shaft
e Friction within the gearhead

e Air friction (neglected in our case due to low speed)

The largest friction value is the ground friction. The friction force can be static (Fj)
or dynamic friction (Fy). Fy depends on the mass of the robot base and takes a
maximum value just before the base starts moving. This force is called maximum
static friction force. If the robot base is located on the horizontal surface parallel to

the ground, the maximum static friction is given by

(F) . = M, Mg (A.26)

where 4 i1s friction coefficient. In classical physics, the friction coefficient has a

value that is never greater than one and is not a function of the contact surface area.
This is generally true when considering rigid materials sliding on rigid surfaces, such
as steel on steel. But when it comes to elastic materials such as rubber, the coefficient
can vary greatly (0.5-3.0). For practical purposes, this value can be safely taken
between 0.3- 1 [Design]. The dynamic friction force is normally proportional to the

velocity of the robot base. Such that

F, = 1,8 (A27)

F is often much larger than F,; . However, both forces must be considered in the

design process as follows:

e The driving torque is large enough to make the robot start moving.

2Q7,

r

w

M= -F

friction

>0 (A.28)
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Robot base can reach desired maximum speed &, and acceleration #& by solving

the following equation.

20
M= 22

— i, & (A.29)

w

e  When robot base is on a slope of angle 6:

2Q7,
v

w

ME=

- Fﬁ‘iction - mg Sin 0 (A30)
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PIC 16 F877 PIN CONNECTIONS
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Devices Included in this Data Sheet:

+ PIC1BFEY3
» PIC16F&T4

= PIC16FE7E
= PIC16FETT

Microcontroller Core Features:

+ High performance RISC CPU
« Only 35 single waord instructions to leam

« All single cycle instructions except for program
branches which are two cycle

« Operating speed: DC - 20 MHz clock input
DC - 200 ns instruction cycle

« Up to 8K x 14 words of FLASH Program Memory,
Up to 368 x 8 hytes of Data Memoaory (RAM)
Up to 256 x 8 hytes of EEPROM Data Memory
* Pinout compatible to the PIC16CT3B/T4B/T&TT
+ Interrupt capability (up to 14 sources)
+ Eight level deep hardware stack
+ Direct, indirect and relative addressing modes
* Power-on Reset (FOR)
+ Power-up Timer (FWRT) and
Cscillator Start-up Timer (OST)
« ‘Watchdog Timer (WD T) with its own on-chip RC
oscillator for reliable operation
+ Programmable code protection
« Power saving SLEEP mode
+ Selectable oscillator cotions
« Low power, high speed CMOS FLASHIEEPROM
technology
Fully static design
In-Circuit Serial Programming™ (ICSP) via two
pins
« Single 8% In-Circuit Serial Programming capability
In-Circuit Debugging via two pins
* Processor readfwrite access to program memaony
« Wide operating voltage range: 2.0V o 5.8V
+ High Sink/Source Current: 25 ma

« Commercial, Industrial and Extended temparature
ranges

+ Low-power consumgption:
- = 0.6 mA typical @ 3V, 4 MHz
- 20 pAtypical @ 3V, 32 kHz
- =1 pA typical standby current

120

Pin Diagram
PDIP
MR —= [ 1 \./I 40 [] =—= RETPED
RALAND =[] 2 28 [ = RESPEC
RATAN] =—=[] 3 3 []=—= RBS
FAZIAMZREF- 4[] 4 37 [0 =—= RE
RAZANGVREF: == []5 25 [] =—e REIPCEM
RAATOCK] =T 6 5[] =—w RE2
RASIANASE =—=[ 7 - ® ] =—= RE1
REIRDIANS =—=[] & P~ 33[]=—= REQINT
RE1ARANS =—=[ g G | i T
RE2THANT e[ 10 Jo 3 [J=— Ve
Voo — [ 11 E 0[] =—= ROTPSPT
Er— T @  29[]-=—= RDEFSPE
OSCUVCLKIN —= [ 13 5  2[0=—= RDSPSPS
OSCHCLKOUT = [ 14 g 7[=—= AD4PSR
RCDTAOSOTICK] -—s [ 15 25 [] =—= RCTRNDT
RCIMTIOSICCR2 =— [ 15 25 [] =—= RCETHCK
RC2ICCP a—se [ 17 34 [ +—s RCHEDO
RCHSCHBCL =—e[] 13 23 [] =— RC4SOWSDA
RDOPSPD <[] 13 23 [] =—e ROZPSA2
RCAPER =— [ 20 2 []=—= RDZPSP2

Peripheral Features:

+ Timerd: 8-hit imerfcounter with 8-hit prescaler

+ Timer1: 16-bit timer/counter with prescaler,
can he incremented during SLEEF via external
crystal/clock

+ TimerzZ: 3-hit timer/counter with 8-hit period
register, prescaler and postscaler

+ Two Capture, Compars, FWM modules
- Capture is 18-bit, max. resolution is 12.5 ns
- Compare is 16-bit, max. resolufion is 200 ns
- PWM max. resolution is 10-bit

+ 10-hit mulii-channel Analog-to-Digital converter

+ Synchronous Serial Port (S5F) with sP™ {Master
mode) and 12C™ (Mastar/Slave)

+ Universal Synchronous Asynchronous Receiver
Transmitter (USART/SCI) with 9-bit address
detection

+ Parallel Slave Port (PSP) 8-bits wide, with
external RD, WR and CS controls (40/44-pin only)

+ Brown-out detection circuitny for
Brown-out Reset (BOR)
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December 193¢

National Semiconductor

LMD18200
3A, 55V H-Bridge

General Description

The LMD13200 is a 3A H-Bridge designed for motion contro
applications. The device is but using a multi-technalogy pro-
cess which combines bipolar and CMOS control circuitry
with DMO5S power devices on the same menalithic structure.
Ideal for driving DC and stepper motors; the LMD18200 ac-
commodates peak output currents up to 84, An innovative
circuit which facitates low-loss sensing of the cutput cument
has been implemented.

Features

Delivers up to 3A continuous output
Operates at supply votages up to 55V
Low Rpg({ON) typically D302 per switch

]
]
]
8 TTL and CMOS compatible mputs

8 Mo “shoot-through™ current

8 Thermal warning flag output at 145°C

8 Thermal shutdown (outputs off) at 170°C

8 |ntemal clamp diodes

® Shorted load protection

® |ntemal charge pump with externa bootsirap capability

Applications

8 OC and stepper motor drives

® Positon and velocily servomechanisms
® Factory automaton robots

8 Mumerically controlled machinery

® Computer printers and plotiers

S Y] m— TR
(L — 1)1
] - THERMAL FILAG QUTPUT
B CURRENT SEWSE QUTPUT
[ — GROUND
O B[ Vg POWER SUPFLY
) — R
[ BRAKE INFUT
3 > DIEECTION BFUT
2 [ ouTRUT 1
LE ] — ]
\ BOOTSTRAR 1
,-f"’f
<" WOUKTING TAE CONMECTED TO GROUMD (FM 7)
OSsIicaee-2
11-Lead TO-220 Package
Top View
Crder Humber LMD18200T
See NS Package TA11B
Ly
BDOTSTRAF 14— 1 24 [=BOOTSTRAF 24
Vour1aT] 2 2 =Vour za
HRECTION A= 3 22 [=Thermal Flag &
BRAKE A= 4 21 = Curant Sense &
U 20 | Signal GND A
I"rEF.- G 19 = Power GND A
'.I'SB— T 18 | Power GMD B
Signal GND E=— B 17 =FWM B
Currerd Sense B— 9 16 f—=BRAXE B
Thermal Flag B=— 10 15 = DIRECTION B
Your 25— ol =T g
BOOTSTRAP BB8— 12 13 [~ BOOTSTRAF 18
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MOBILE ROBOTS
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BOMBA iIMHA ROBOTU TEKNIK SARTNAMESi

1- KONU:

Bu teknik sartname Emniyet Genel Midirligii ihtivac1 igin satin alinacak “Bomba Imha
Robow™nun teknik dzelliklerini, denetim, muayene ve numunc alma, egitim, garanti, ambalajlama ve
ilgili diger hususlar konu alir.

2- TEKNIK OZELLIKLER:

2.1.Bomba imha robotu; IED/EOD kullamm amaci yaminda, ayrica NBC olaylaninda da
gézetleme ve gériintil alma gibi islemlerde de kullamlacagindan su ve nem gegirmez dzellikte olacaktir.

2.2. Bomba imha robotunun hareket sistemi; paletli olacaktir. Aynca istenildiginde kullanici
personel tarafindan robotun palet mekanizmasina tekerlek takilabilir Szellikte olacakur ve tekerlekler
robotla birlikte verilecektir.

2.3. Robotun hizi, paletli durumda en az 1.8 ( bir nokta sekiz ) km/saat, paletlere ekstra tekerlek
takildigr durumda ise en az 2.5 ( iki nokta bes ) kmy/saat veya tstiinde ve ayarlanabilir dzellikte olacakur.

2.4.Bomba imha robotu; 50 ( elli } cm (+10 cm —arti- eksi on } genislik. 50 (elli ) em (£10 em -
arti- eksi on ) yilkseklik, 100 { yiiz ) cm (£10 cm -arti- eksi on ) uzunluk ebatlarinda olacak. toplam
agirhgl ise 110 (yiizon )kg’ dan fazla olmamahdir.

2.5. Robot kendi ekseni etrafinda donebilmelidir.

2.6.Bomba imha robotu kargisina ¢ikan en az 40 ( kirk ) derece efimli, diiz vada yuvarlak kose
kenarlh merdiven basamaklarini devrilmeden rahathkla ¢ikabilmelidir. Robot egim veya merdiven
gikarken durduruldugunda herhangi bir sekilde geri kaymayacak ozellikte olacakur.

2.7.Bomba imha robotu beton, asfalt, tagh, kumlu, ¢amurlu, otlu, karly ve benzeri her tirlil zor
zeminde hareket edebilir Szellikte olacakur. Ayrica robot kapah alan igerisindeki her turld zemin
gesitlerinde (hah, mozaik vb) lizerinde kullanilabilecektir.

2.8.Bomba imha robotunda kullamlan bataryalarin yedekleri, bomba imha robotw ile birlikie
yedek malzeme olarak verilecektir.

2.9.Cihazlar her tiirli asin akim ve kisa devreye karst korumal olacaktir.

2.10.5ebeke besleme figi ve prizlerinde Avrupa (Tiirk) tipi standartlara uyulacakur.

2.11. Her tiirlii figler ve modiiller yataklarina tam ve rahat oturmah ters takilmalara karsi dnlem
alinrmig olmahdir.

2.12.Her turlii hava kosullarinda galismaya uygun olacaktir.

2.13.Robot ve konrol paneli —10 {eksi on ) derece / +30 { arti elli ) derece aras: ¢alisabilmelidir

2.2.KOTROL SISTEMI :

2.2.1.Robotun kotrol sistemi; radio kontrollii {Wireless control) olacaktir.

2.2.2.A¢1k alanda radio kontrolii en az 200 ( ikiyiiz ) metre yayin, haberlesme mesafesine sahip
olacakur.

2.2.3.Haberlesmesi kararl olacak ve bagka frekans bandlarindan etkilenmeyecektir.

2.2.4.Robottun izerine yerlestirilecek silah sistemlerinin ateglenme komutu, kontrol paneli
iizerinden yapilacaktir. Kontrol paneli iizerinde bulunan atesleme diigmeleri en az 2 (iki ) adet ve
kontrol edilebilir Gzellikte olacaktir, [stenildiginde aymi anda biitiin disruptorlar konirol paneli dzerinden
ateslencbilecektir.
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