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Executive Summary

Figure 1: Tha Explorer Rebot Platfarm

This report documents the research, design, manufacturing and testing of an Unmanned Ground YVehicle
(UGVY) robotic platform. Robotic platiorms such as these are typically used as Urban Search and Rescus
{USAR) platfarms. as in the World Trade Tower collapses in 2001, however this plaffarm was designed to
be a general purpase platiorm with applications beyond search and rescue.

This is the 5" iteration of the platiorm. it was ariginally conceived as a platform for transporting mapping
aquipment inta the are passas of mines. As the project matured it progressed frarr a solution ta this specific
problam into a ganeral purpase vehicls for transporting a variety of equipment inte a variety of hazardous
envirgnmants. Through The Univarsity of Cape Town (UCT) Robaotics and Agents Research Laboratorys
invalvament with the RabaCup Soccer praject, the BoboCup Rescus compatition amerged as an ideal test
bed and development community for this type of platfarm. While the competition facuses specifically on
USAR rabets, the test procedures and eguipment in use have many possiole applications. Papers detailing
the design of participating rabots were analysed for useful design features and failings to avoid the many
stumbling blucks for development of such a platform. Commaercial robatic piatfarms such as the iPobat®
PackBot ware also investigated.

The platform was designed using Prot Enginesr design software. Dasign was done according to 2 op
down methodolagy, where g central document containing key Specifications was maintained and component
dimensions were derived fram this document, Thus shanging any key specification would autematically
alter the geometry of affected parts. This was deemed desirable due ta the complex and compact nature
af the design. Thea design of the platiorm {sae Figure 2] is dominated by the wo wide drive tracks. Each
track encloses a sidepoad in which the Lithium-lon drive batteries are housed, while much of the rest of
the sidepod was left emply to provide space for future squipmeant to be added Each track runs on 2 wide
pulleys with the front puiley serving as the drive pulley. Each of the 4 corners of the platform alse feature



Fight Sidepod

Left Sidepod

Figure 2: The major sub-systems of the platiorm.

a flipper arm which provides added flexikility in maneuvering arcund and over obstacles. The drive motors
for the frent flppers are located inside the front drive pulleys, while the rear flippers are drivan togather
by a single motor inside the left sidepod. In addition o the flipper metors, the drive mators far the main
tracks are also enclosed within the Trent pulley o make optimum use of the availlable space on the small
platfarm. The layeut of the drive pulleys is shown in Figure 3. The main structurzl element of the platform
is the central spine onto which the sub-assemblies attach. The platform alse features an accessory deck
dasigned |0 alow the mounting of general purpose equipment in light of the multiple use objective for the
platiorm. The design attempis to make usa of as few unique parts as possible. For instance, left and right
sidepeds are made up of identical parts with the exception of the mount for the rear fipper moter in the
left sidepod, All 4 pulleys were designed to be identical, with different covars being used on the front and
rear. The design also requires only size 2.5 and 3 Allen keys to disassemble. as care was taken ko use only
fasteners accepting these teql sizes to minimize the requirements for maintenance in the field,

Manufacturing of the components making up the platicrm took place in the UCT Mechanical Engineering
workshop, Where possible parts were machined on a standard mill or lathe. Mary of the parts made use of
the CNG machining facilities available in the workshep This allewed for the functions of multiple parts to be
combined inte a single more complex part, It also allowad for complex patterns for machining away matenal
to reduce the mass of parts where possible. This is particularly evident on the spine of the rebot which has
iccating. fixing and cable routing features integrated into ane part. In total the platferm required 688 unique
prarts with a tetal of 170 machined componerts.

Tests were run to benchmark the performance of the platform. These measured the powar regquirements
while perorming maneuvers at various speeds. Testing of the platform revealed a number of problems
particularly with track alignment and torgue requirements, A faw alterations wera made lo partially ractify the
track alignment issug and gearbaxes with higher reductions were placed on the drive motars to compensate
for the increased torque requirgments, A number of recommendatiens are made for future development af
a platiorm such as this. the critical ones being a reduction in weight and the development of a system 1o
manage track alignment,
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Chapter 1

Introduction

Figure 1.1. The Robotic Platform

A core impetus for technological development has always been to remove humans from jobs whish are too
dirty, dull and dangerous. Unmanned Ground Yehicles {UGYs) may address one or all of thase criteria.
Lirban Search and Rescue (LUSAR), environmental assessment and mapping, specifically in hazardous en-
viranments meet all three criteria. While the level of danger involved would dissuade maost from considering
these tasks dull, few would deny that they are tedious, and when the level of danger is coupled with the
level of tadium these tasks entall. they become prime candidates for robatic end=avars.

Research into rescue rabotics bagan in earnast in 1995 after the loss aof life in the Hanshin-Awa|ii earthguake
in Japan, and the Oklahoma City Bombing in the United States. Technological development in the early
1980°s had made it feasible that challenges faced by rescuers in these disasters could be alleviated by
rabotics. The next push came after the 2001 attacks on the Warld Trade Towers in Mew Yark City. The
rescue effarts in the immeadiate aftermath of the building collapses utilised a number of robots up to the
paint of fallure, and provided the first analysis of rescue robol parformance in a real disaster area [1]. The
robots used in search and rescue effarts at the World Trade Tower collapse are shown in Figure 1.2, The
intersectian of research interest, avallability of technology and military funding for UGYs ensued with the
subsequent wars n lrag and Afghanistan. A number of commercial vehicles emerged to meet thiza market.
Cnea af the mast successful, with real world law-enforcament, search and rescus and military use, is the
iRobot® PackBaot, shown in Figure 1.3

The UCT Robotics and Agents Laboratory had histarically been involved in varigus RoboGup Soccer
leagues. In 2005 a RoboCup RAescue [eague was formed to evaluate current search and rescue tech-
nologies. and to provide a community arcund which search and rescue robotics development could cluster.
This competition is spearheaded by the Mational Institute of Standards and Technology (MIST) which has
developed a comprehensive set of perfarmance metrics 1o assess the suitability of a platform for search and
regcue operationsz [4]. These metrnics are useful not only for search and rescue, bul for general eperation,
particularly the metrics designed to assess maobility {such as that shown in Figure 1.4)



Figure 1.3: The iRobot® PackBor shown in one possible configuration [3].

Pravious devalopmeant of a LIGY platform has taken place at UCT, the last iteration being that shown in
Figure 1.5. The goal of this project is to continug the development of the robatic platfiorm 5o that it may
ke useful for the transport of general purpose equipment, while meeting the requirements of the HoboCup
Hescus carmpstition,

The foliowing chapters elaborats an the poinis brought ug in this introduction First is background research
into the past and present of comparable robotic platforms, followsd by a detailed Bst of spacifications,
then a datalled anaiysis of the design of the platferm, and finally the testing and resulting cenclusions and
recommendations drawn from those tests.
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Figure 1.4 The Quince rabotic platform moving over a stepfield designed to simulate rubkle [5].

Figure 1.5: The previous generation platform developed in the UCT Robatics and Agents Labaratary.



Chapter 2

Background Research

In order to develop a rescue robot platform it is. necessary to understand not only what robots are available
today, what they look like and how they function, but also to consider how they have come to be that way. It
is also necessary to consider the environment in which this platform will have to operate both today and in
the future. This chapter looks at the evolution of modern day rescue robots and considers the environment
and obstacles which it may have to traverse.

2.1 History of Rescue Robotics

A rescue robot platform as considered in this report can be defined as an unmanned ground vehicle op-
erated by a human operator from some distance away. As the robot operates in environments designed
for humans, the robot should also be physically no farger than a typical person. Additionally the robot is
designed so that it can carry some arbitrary payload, with the single exception that the payload shouid not
be a humarn operator.

For the sake of brevity this history does not attempt to document the innumerable research prototypes that
have paved the road of robot development. Instead a focus is placed on commercial and military robots
deployed at various times which could be considered a snapshot of the state of the art at that time. It is
however worth noting that no robot mentioned in the foliowing history emerged out of nowhere, each is
representative of a steady evolution of the control, communication, actuation, power and other subsystems
which make up such a robot.

2.1.1 Origins

Perhaps the first suggestion of what might be considered a teleoperated robot was by Nikola Tesla in a
patent filing for a remote controlled boat intended for military purposes [6] as shown in Figure 2.1. This
idea was never commerciatised as described, however beginning in 1930 the Soviet army deployed what
were known as Teletanks. These were Soviet T-26 tanks which were outfitted for remote control from a
distance of 500-1500m. The tanks were designed to be driven by human teams to a safe distance from an
enemy position. The tank crew would then exit the tank and control the Teletank from another tank in the
battalion. The Soviet army created two battalions of Teletanks, one was destroyed by German bombing,
while difficulties in navigating a cumbersome tank over large distances without visual aids on difficult terrain
meant the remaining battalion never saw wide deployment. The Teletanks were a highly classified piece
of Soviet technology and all tanks were to be remotely destroyed if in risk of being captured by enemy
forces. The teleoperation system made use of a glass valve radio system which used solenoids to trigger
pneumatic actuators. Due to the fragility of valves, the control module was separately suspended from the
rest of the tank [7]. A destroyed Teletank is shown in Figure 2.2.

The level of technological sophistication of the Teletank is evident when one compares the Soviet systems
to those employed by the German forces during World War 2 shown in Figures 2.3 and 2.4. In iate 1940,
developing on a recovered. French prototype, the German Army deployed the Goliath mobile mine which
carried 60kg of explosives in a small tracked vehicle using an electric, and later diesel, motor for propuision.
However the Goliath could be stopped by fire from a standard issue M1 Garand rifie, or alternatively by
simply cutting the control tether as the Goliath was controlled by an operator through a cable. Approximately
7500 Goliath’'s were manufactured, it was not generally considered to be a success due mostly to its slow
speed (9km/h) and inadequate ground clearance (11cm) [9]. After the fall of Nazi Germany, Allied forces
found around 4000 Goliaths unused [10].



2.2. Previous Prototype Robot
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Figure 2.1: A figure from Nikola Tesla’s patent for a remote controlled boat [6].

An interesting addition to this section is that of the Japanese Radio Controlled tank of Major Nagayama and
the Type 98 Mini Engineer Vehicle "Ya-I Go” shown in Figure 2.5. These vehicles were predecessors of the
Teletank and the Goliath tracked mine as the Nagayama tank was first tested in 1929 and the Type 98 Mini
Engineer Vehicle in 1934. Despite this head start, both of these vehicles never saw active duty for reasons
which are not entirely clear [12].

2.1.2 Transition into Modern Era

One of the first robot platforms recognisable as a modern rescue robot platform is the Wheelbarrow bomb
disposal robot. The robot was created to stem the increasing fatalities of British Army bomb disposal experts
while trying to destroy car bombs in Northern Ireland during the 1970's. Lieutenant-Colonel Peter Miller
devised the robot based on a teleoperated lawn-mower he had designed for his own use. The Wheslbarrow
name was given because the first model used a wheelbarrow as the body for the robot seen in Figure
2.6. The robot has continued to be developed for bomb disposal and is currently still in use with the latest
iteration known as the Wheelbarrow Revolution shown in Figure 2.7.

2.1.3 Modern Era

The modern age of mobile ground based robotic platforms can be said to have begun in earnest with
the advent of war in the Middle East post 9/11. indeed, during the rescue efforts of the World Trade Tower
collapse the state of rescue robotics was such that the robot rescue efforts were undertaken by researchers
rather than rescue workers. [17]. In late 2002 the first prototype robots were deployed in Iraq. These were
iRobot Packbots sent to scout suspected bunkers, a job which previously required a soldier with a rifle. In
the subsequent 9 years, iRobot® alone has sold over 4000 Packbots for use in Iraq and Afghanistan [18].

While iRobot is not alone as a supplier of ground robots to the military, its Packbot represents the state of
the art for modern unmanned ground robots in active duty. The Packbot platform was designed from the
start as a fiexible platform which is capable of accommodating a variety of payloads. This flexibility has led.
the Packbot to be deployed in various guises. it has been deployed as an explosive ordinance disposal
robot, a sniper detection robot, an explosives. detection robot, a mapping robot, a scouting robot, a hostage
negotiation robot and a research platform [3]. A few of its many possible configurations are shown in Figure
2.8.



2.2, Previous Prototype Robot

Flgure 2.2: TT-26 - Sowiat Teletank based on the T-26 tank. This particular tank was destroyed by enemy
fire [8].



2.2. Pravious Prototype Robaot

Figure 2.4: German Wl Goliath Tracked Mine and cperators on a field exercise [11].

2.2 Previous Prototype Robot

A prototype explorer robot platfarm was built in 2007 as an undergraduate praject in the UCT Fobetics
Labaratory, The platform was originally congeived as a platform for transporting mapping equipment into
mine shafts. It is shown in Figure 2.9, The platform features 2 driven tracks, In place of flipper arms the
platfarm makes use of 3 wheels per track. with the front wheel being adjustable so as to ailaw the robot
te climb abjects up to 300mm in height. The geometry of the rabat allowed for the track tension o remain
approximately constant in its various arientations. The variable track geametry syatem 15 shiown in Figures
210 and 2.11.

Each of the drive tracks and [ifting arm is powered by a 65W brushless DO mator. The control system
consisted of 2 Mac Mini receiving cammands via WiFT and then transmitting them via serial communications
e motar control boards develaped in house. Power to the system was supplied by 5 12V Lead-acid batterias,

The platform was faund to be underpowered for its mass of 62kg. Additionally the motor controllers were
problematic and it was evident that they would require further development to be ready for deployment in
the real world, While this prototype was not designed for use in the RoboCup Bescue competitian, it does
provide Insight inta the development path the current rabot platform should take.

A RobeCup Rescue platform would need ta be significantly lighler and smaller than this platfarm. The
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2.3. RobaoCup Hescue Competition

Figure 2.7 Tha prasent day Whesloarrow Revolution rabiot [16].

majar centribution to the final weight of the robot was the batteries and plastic structure. Together these
iterns contributed more than 50% of the mass. It also became gvident that gkid steering a tracked robol
requires a substantial ameunt of slip an tha tracks, and thus tracks with too much grip steeply increased the
pawer reguiremeants of the robot.

2.3 RoboCup Rescue Competition

This project began as a platform for exploring and mapping ore passes in mines, and over time developed
into a2 general purpnse robotic platform suitable for carrying an array of sensers into a variaty of hazardous
environments. It was decided that rather than focusing on the developmant of a robot strictly far mapping
are passes a robotic platferm capable of perfarming mapping and participating in the RoboCup Rescus
competition would be more versatile and provide a larger scope for future development. The RoboCup or-
ganisatior formed in 1397 with the goal of advancing the state of the art of robotics and artificial intalligance,
Through a yearly competition. academic efforts are focused on a set of comman goals, allowing for swift
and focused development. testing and callaberation The mair focus of RoboCup is on the devalopmant aof
the hardware and software for a team of entirely autonomous soccer playirg robots [19],



2.3 RoboCup Rescue Compedtition

Figure 2.8: From left to right, top to bottom, PackBots for: First Responders, Armed Forces. Gombat Engi-
nears, Sniper Detection, EOD Technicians and the PackBot Explorer [3].

Figure 2.9: Previous prototype explarar robot.

10



2.3 BoboCup Rescue Compelition

Figure 2 10: Prototype tobot showing the function of the variable geometry track.

Figure 2.11: Side view of the prototype robot’s variable geometry track in various positions.



2.3. RoboCup Rescue Competition

Foboliup Rescue formed as an offshoot of the core RobaCup soccer challengeas. The campetition hopes
to advance rescue robolics in the same way as soccer robotics, through a focus an a well defined challenge
with constant collaboration and evaluation. Thus participation in RoboCup Rescue provides a rich tasting
ground, source of inspiration and testing metrics for development of this type of robotic platform [20].

Each team iz required to submit a Team Description Paper {TD P which is made publicly available. This TOP
provides an averview of sach team and their robot. From surveying these TDPs it is possible to determine
the components and capatilities of each robot. In addition to learning from the present participants of
RobaCup it is also necessary to ook forward so that the expense of building a robaot is not wastad in making
a robot which becomes obsolete with the introduction of new rules. In arder to spur development, each year
the rules and challengas are incrementally changed and updated in order to makes the compatition more
challenging and improve the capabilities of the participants in a real disaster environment. Fortunately a
road-map is provided in the Staterment of Bequirerments for Urban Search and Rescus Robot Performance
Standards which is published by the NIST [4].

Further information was gleaned from attending the Rebolup Sympassium in Suzhou, China in 2008, This
allvwed for live observation of not anly the obstacles which would have to be faced, but also the challanges
faced by each team during opseration,

2.3.1 RoboCup Arena Components

oo : 1’:ll

Figure 2.12: A typical FoboCup Rescue arena |21].

Hescus robots are evaluated according to their capabilities in maobility, sensing, mapping and manipulation.
Waripus componants in the arena (Shown in Figura 2.12) are thus dasigned to test the abilities of the robots
in thoze categories. As the objective for this project was the design of a mobility platform, those components
which test mobility wera cansidersd the most important. Althcugh not a primary focus, keeping the sensing,
mapping and manipulation chaiienges in mind is still important to ensure the robet is suitable for future
development.

12



2.3. RoboCup Rescue Competition
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Figure 2.13: A typical stepfield pallet. (All dimensions in mm)
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Figure 2.14: The 45°and 35°ramps. Ramps are often covered with carpet tiles or rubber mats to increase
traction.(All dimensions in mm)

2.3.1.1 Stepfields

Stepfields are one of the most challenging obstacles for mobility. They are designed to simulate the chal-
lenges of crossing rubble but are standardised to ensure that the challenges of a competition can be recre-
ated in the lab. An example of one stepfield configuration is shown in Figure 2.13.

2.3.1.2 Ramps

Two ramps are specified in each arena, one 35°, the other 45°. In Figure 2.14 the general construction is
shown. While not a requirement to climb both ramps, the ability to climb both does allow the robot to save
time navigating and is thus desirable.

23.1.3 Stairs

Stairs are common features across all kinds of buildings and as such a rescue robot has to be able to climb
a staircase to be useful in real world situations. Stairs in the RoboCup arena are constructed as depicted in
Figure 2.15.

13
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: 7200

Figure 2.15: The staircase. (All dimensions in mm)

200 - 300

Figure 2.16: The pipe steps. The pipes are allowed to rotate freely, meaning the pipes themselves provide
no traction for the robot. Most teams traverse these steps by using flippers to arch over the pipes. The
height of the steps can be increased by including additional pipes. The setup shown gives a 200mm step,
although future competitions will move to 300mm steps.(All dimensions in mm)

23.1.4 Pipes

To test the robot’'s and operator's ability to traverse a vertical obstacle, a test has been devised which
requires the robot to climb a step which is made from 2 PVC pipes which are free to rotate. This layout is
shown in Figure 2.16.

2.3.1.5 Victims

Various components which simulate a trapped person in a disaster zone are distributed around the arena.
These components are grouped together and test the vision, CO,, thermal and sound sensing systems. Not
all items are present in each victim box. The victim boxes also contain a tumbling E's chart and HAZMAT
signs to test the visual acuity of the robot. Finally a realistic doll, manikin or part thereof might be placed in
the victim box to test systems which detect human forms or faces. A typical victim box might be constructed
as per Figure 2.17.

2.4 Summary

The research produced a number of goals and observations critical to the development of the robotic plat-
form. These are refined into concrete specifications in the next chapter. These specifications can then be
used to establish the required performance and operation of a USAR platform. The areas of focus being;

24.1 Locomotion

Although a variety of methods of locomotion exist for a. robot, every robot in RoboCup Rescue was. either
tracked, wheeled or some combination of both. While wheels were used in some robots, no wheeled robot
was able to complete all of the mobility challenges such as stepfields, stair climbing, ramp climbing and the

14



2.4, Summary

Fogurs 2.1 70 Ar example of 2 victim oo

Figure 2,18 Australan RoboCup team ZASualty are an example ol a lgam hat has depleyed thoir own
5215005 or board a comrnercial robotic platform, in this case the iBopci Megotiator [22).



2.4. Summary

pipe steps. This observation wouid seem to indicate that tracks are the most effective drive system for a
rescue type robot that can operate in all areas of the RoboCup arena.

2.4.2 Track Design and Construction

Although not catastrophic, the most frequently observed mechanical failure was that of the track elements
for tracked robots being torn off the track. Especially in stepfields where it occasionally occurs that the entire
drive force of the robot is transferred through one track element.

2.4.3 Motor Selection

A minor observation was the widespread use of Maxon brushless DC motors among RoboCup teams, not
only in rescue but also many other fields. Maxon. provides an integrated solution for motors, gearboxes.
and controllers. In the face of problems previously encountered with developing our own brushless motor
controller, a Maxon solution, although expensive, held the promise of providing hassle free motor control.
Maxon motors had already come to our attention as a world leader in brushless DC motors and are used
in a number of demanding applications such as NASA's Mars rover [23].

2.4.4 Beaching

In terms of mobility most tracked robots were particularly susceptible to beaching especially in the stepfields.
This typically occurs when a robot drives its chassis onto an obstacle which in turn takes weight off the robot
tracks and thus makes removing the robot from the obstacle more difficult. While flippers are useful in this
situation, vital time is lost trying to free the robot.

2.4.5 Space Limitations

The first limitation on the size of the robot is the layout of the arena itself. In plan view, the arena is made of a
number of squares, each square being 1200mmx1200mm as shown in Figure 2.12. This provides the upper
limit for the length of the robot, although in reality, navigating around corners or obstacles would require a
smaller robot. The most stringent requirement on the size of the robot is a recently introduced rule for the
robot to enter into the arena through a 24inch triangular opening, as commonly created by rescuers into the
sides of buildings.

2.4.6 Weight

The weight of the robot ultimately determines how fast the robot can move, how steep a slope it can climb
and the stresses put upon the components in the drive-train. Points are also deducted for each person
who is required to enter the arena when deploying the robot to incentivize teams to minimize the number
of personnel in a potentially dangerous zone. A robot which is reasonably light, less than 25kg, could
conceivably be deployed and operated by one person.

24.7 Robustness

The major selling point of the PackBot is how robust the platform is. indeed it is claimed that the Pack-
Bot can withstand being thrown out of a low flying helicopter [24]. On the other hand many robots in the
RoboCup competition suffer from unreliability. The robots and subsystems are frequently developed on a
tight schedule with limited testing. Most robots were constructed in an ad-hoc manner to get the systems
working, but little attention is paid to ease of maintenance and repairs to the robot. Much time at RoboCup-
was seemingly spent taking the robots apart and attempting to troubleshoot subsystems. To attempt to ad-
dress the issue of reliability teams are increasingly purchasing ready-made platforms to deploy their own
equipment on (See Figure 2.18).

24.8 Tool Requirements

Many teams required a large amount of tools to be shipped with their robots to. RoboCup. Apart from the
cost and the logistical difficulties of transporting all of these tools, having to frequently change tools while
disassembling a robot wastes valuable time. While it is conceivable that there-could be a need to use more
than one size of fastener on the robot, consideration to this factor in the design of the robot should make it
possible to minimize the requirement for a large number of tools.

16



2.5. Concluding Remarks

249 Operation

Historically unmanned ground vehicles have faced a major problem in the difficulty of their operation. Cer-
tainly before the advent of digital imaging, robots such as the Teletank and the Goliath tracked mine were
doomed from the outset as they were almost impossible to operate. Modern commercial robots face the
same difficulties. Accomplishing tasks and navigating the robot is hugely difficult and requires a trained
operator to simply manoeuvre. RoboCup also highlighted the importance of a skilled operator. A focus on
a robot which is easy to operate and requires as little skill as possible is perhaps more important than any
other technical feature. ‘

2.4.10 Vision

To emulate real world conditions, the operator of the robot has to rely on the onboard cameras to navigate
the arena. Due to the quantity and variety of obstacles in the arena it is hugely advantageous to-be able to
see the entire robot while navigating. This is typically accomplished through the use of a camera mounted
on the end of a stalk overlooking the robot from behind. Another observation is the importance of minimal
lag in the control loop. Images or control inputs which lag are detrimental to the operators confidence and
speed in placing the robot. It is also necessary to have the capability to look into enclosed spaces, most
teams use some kind of pan-tilt camera mechanism on an arm for this. The challenge of maneuvering in the
tight confines of the arena also means that forward and rear facing cameras are often helpful for navigation.

2.5 Concluding Remarks

Using the insights and knowledgse gained in this Chapter it is now possible to define the performance desired
for the platform. The next Chapter lists the desired performance for various systems and the motivation
behind those decisions.

17



Chapter 3

Specifications

18

From the Background Research in Chapter 2 it is possible to define the problem that this platform is trying
to solve. The specifications which follow provide concrete goals against which the platform can eventually
be evaluated to determine how well it performs against initial requirements.

3.1 Table of Specifications
[# [ Description Value
Dimensional §pecﬂicatlons
1 [ The trackbase of the robot should allow the robot to be in contact WIth at 650mm
least 2 steps at all times while climbing a standard staircase.
2 | The cross-section of the platform should be such that it is able to fit through 24" equilateral triangle
a standard entry triangle used by rescue workers to enter collapsed struc-
tures.
3 | The weight of the robot. < 20kg
B Functionaf Specifications
4 | The robot should have sufficient power and torque to navigate all RoboCup Yes
Rescue arena components.
5 | The maximum speed of the robot on flat ground. 1.4m/s
6 | The robot should possess the ability to vary its geometry. 4 Flipper arms
7 | The robot should use commercial batteries and chargers. Yes
8 | The technology to communicate with the robot 802.11A Wireless.
9 | The platiorm should allow functional modules to be easily connected by | 12V, 5V and Ethernet
supplying power and inter-module communication infrastructure.
10 | The time delay between a controf input and the correspond' ng action oc- < 30ms
curring on the robot.
11 | Tools required to completely disassemble the platform. <3
12 | The robot should have a camera mounted on a stalk capable of providing Yes
an overview of the entire robot.
Drive System Specifications
13 | The portion of the platform not covered by drive track. < 100mm
14 | The construction of the tracks. Single piece
Software Specifications
15 | Control software should start ready to function and require no, or minimal Yes
user input before control of the robot can begin.
16 | The user software should be as easy to use as possible requiring minimal Yes
operator training.
Table 3.1: Table of Specifications
3.2 Justification of Specifications

1 A shorter trackbase is desirable as it increases the manoeuvrability of the platform. For stability and

speed while climbing a staircase, the tracks should be in contact with at least 2 steps at any one time.

Using the flippers to temporarily extend the trackbase while climbing stairs was deemed undesirable




3.2, Justification of Specilications

due to the ameunt of tirme which would be wasted in placing the flippers in the correct positions. The
image in Figure 3.1 shows the intended methad of climbing stairs.

III
(

L/

Figure 3.1: The intended method of climbing stairs. Metice that the robol is in contact with at least 2 steps
at all times. The dimensions of the stairs are given by the NIST [4]

2 Standard procedurs for rescue personnel enlering buildings which are ne longer accessible through the
usual entrances is to cut a 24 inch equilateral triangle into the side of the building [4]. To be useafut in
rescug environmenls, the platform should be able to fit through this entry triangle as shown in Figure
3L,

Figure 3.2: The entry triangle a robot must pass through to enter the arena.

3 It is desirad that the robot should be portable by one man, as such its weight should be no more than
20kg.

4 The RobeCup Rescue arena has been designed to simulate a real disaster erwvironmeni. To be useful in
a real disaster, the platform should at |gast be able to navigate the chalienges in a RoboGup arena.

5 This robolic platform is envisaged to replace a human rescues worker, as such the rabot should not need
to travel faster than a human would. Hurnan walking speed is generally accepted to ba arpund Skmih
which iz approximalely 1.4m/is.

8 Flippers are Ltilised in many RoboCup and commercial robots, Flippers allow a robot to have a oon-
figuration which can be dynamically alterad, and alse provide a means to right the robot shouid it
topple,

13
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Figure 3.3; An example of a stalk camera and figld of view.

7 Using commercial batteries and chargers provides advantages over custom made battery packs in that,
providing the batteries are well chosen, spares should be available worldwide. they should be cheaper
as they are mass produced and they should be physicaily and functionally more robust.

8 802.11a Wireless is the designafed wireless standard used in the RoboCup Rescue competition, It
provides advantages over the more common 802.11g wireless in that it operates at 5GHz rather than
2.4GHz. It thus provides superior signal penatration and convaniently avoids the overcrowded 2.4GHz
band.

9 This platform 15 intended as a research platform onto which a variely of senscors and ather equipmant
can be installed. As it is unknown what these future systems might be, the robet should provide a
communications interface and power to any subsystam which may be installed on the platform at
some fulure date.

10 Previous laboratory experience gualifatively indicated that an unresponsive robot was hugely challeng-
ing to control. RoboCup experience further reinforeed this observations, as lag increased, video feeds
fram robots hecame less and less useful Research indicates that delays become noticeable above
30-40ms [25}[26].

11 Using fewer togis reduces the shipping weight and cost of the robot platform, and also allows for the
platfiorm to be more easily and quickly assembled and disassembied.

12 Observations of teams at RFoboCup indicated that a stalk camera {as shown in Figures 3.3 and 3.4}
greatly reduced the difficulty an operator had in controlling a robot.

Figure 3.4: A stalk camera on the Hesquake Robolup Rescue rabot [27].

13 Flippers are helpful in freeing & robot from a situation in which it is aluck, but it is far easier and faster
if the robat wouid net have gotten stuck in the first piace. Making the drive fracks as wide as possibieg
minimizes the likelihood that any part of the robot can become stuck on an object in the environment.
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3.3, Summary

In terms of the RoboCup Rescue arena, the stepfields present the greatest potential for getting stuck.
Each stepfield block is 190mm wide {28], thus a gap between tracks of less than 100mm should be

sufficient 1o allow the platform to navigate a stepfield without beaching on a stepfield block as can be
seen in Figure 3.5,

Figure 3.5 The Quince rebotic platform navigating stepfield. Mote the use of tracks with a small gap between
them [5]

14 The most commonly observed mechanical failure at RoboCup was that of the track kugs of tracked
robots ripping off their tracks. This not only wastes energy and potentially destroys the arena (an
offense which may cause points o be deducled from one's score) but also necessitates remaoving
the track and reglacing the track element, a potentially avoidable waste of time. By making the tracks
and lugs a single pisce of material it is hoped that track failures can be entirely avoidad. The Pelican
Team which uses a custom moulded irack as seen in Figure 3.5 provides some evidence asg to the
effectiveness of thig approach.

15 Time taken setting ug the robot and control station is time that could be better spent navigating the
arena. As such the time required 1o starl up the robkot and operator station should be a minimum,
especially any siart up task which reguires waiting for the operator should be performed automatically
where possible.

16 As noted in background research, 1he single most important lechnical feature 15 that the robot be easy
ter use as this ultimately seems to be the deciding factor in the success of a rebot,

Figure 3.6: A simple interface used by the Iranian Resquake team. This set-up waon [he besl user interface
award at lhe 2008 HoboCup [271,

3.3 Summary

The specifications describe a tracked robotic piatiorm, with wide drive tracks and 4 flipper arms. The re-
guirement for the platform to fit through a 24" entry triangie results in a cross section similar 1o that of a
human torso, while the length of the platform should be in the region of 850mm. Communication with this
plathorm is to occur via 802. 114 wireless, and dedicated sensors on board the platform should consist of
at least a camera mounted an a stalk so as to provided an overview of the rokot while operating. In addi.
tinn to this sensar the robot should provide the mechanical, electrical and communication infrastructure for
additional sensors and egquipment to be fitted,
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3.3. Summary

The next step in development is to determine the layout and size of the robot in more detail, and refine the
specifications where possible to allow detailed and final decisions to be made. This process follows in the
following chapter, Chapter 4.
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Chapter 4

Conceptual Design

Building on the specifications in Chapter 3, a conceptual design which describes the basic operation and
lays out what the major components are and how they should be arranged was iteratively developed. The
objective of this design stage is to gain the information required for the detailed design to be performed.
Once a detailed design is completed the robot can be manufactured using the 3D models generated and
the required components can be ordered.

4.1 Concept Development

From the specifications, the starting point for the platform is a pair of drive tracks which each cover about
50% of the width of the robot as shown in Figure 4.1. This arrangement has the advantage that the platform
can operate while inverted.

An additional requirement of the specification is that the platform has 4 flipper arms, a layout shown in
Figure 4.2.

These arrangements allow for payloads to be contained within the robot itself, however there is the disad-
vantage that sensors such as cameras or laser scanners which need to be on the outside of the robot and

are ideally forward facing cannot be accommodated on the platform. As such the decision was made to
narrow the tracks slightly to reveal a central spine on the robot. On this spine an arm can be be fitted which

Figure 4.1: A platform concept showing wide tracks.

Figure 4.2: A platform concept showing wide tracks with flippers.



4.2. Battery Pack

Figure 4.3: A platform concept showing wide tracks with flippers and space to allow a camera on a liftable
arm to dock between the tracks.

Figure 4.4: A platform concept with wide tracks, flippers, a stalk camera and an accessory deck.

could house a sensor pack at the end of the arm. This arm could be stowed between the tracks to still allow
the robot to be inverted and to protect the sensor payload should the robot fall or should debris fall on the
robot. This arrangement is shown in Figure 4.3.

This concept, while rugged, provides a very limited amount of space for external payloads to be mounted
onto the robot. This layout has the further drawback that only a simple 1 or 2 link arm could feasibly be fitted
to the robot. As such the concept in Figure 4.4 was developed. This concept compromises the ability of
the robot to operate while inverted, it does however provide a relatively large amount of space for external
sensors to be added to the platform at a later date. This compromise was deemed to be acceptable as
adding unplanned external accessories to the robot was decided to be preferable to the ability of the robot
to operate while upside down. Forward and rear facing cameras as well as a stalk camera are incorporated
into the spine for use as navigation aids.

4.2 Battery Pack

The platform which was previously developed as described in Section 2.2 on page 7 made use of lead
acid batteries primarily for their low cost, the drawback of this decision was that the batteries alone weighed
15kg, this is unacceptable for a robot that has to be man-portable as the maximum weight for a man portable
robot can be considered to be around 25kg. In choosing a battery type for this robot, it had been chosen

as a specification that the platform shouid make use of commercial battery packs. It was thus helpful to

consider the various commercial battery technologies available and compare their relative strengths and
weaknesses as they relate to this project. The areas in which the batteries were compared is as follows:
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4 2. Battery Pack

MiCad

Lead Acid

Figure 4 5: The relative cost of various battery technologies.

Low Cost The cost per Wh for each battery lype.

Ruggedness An estimated measure of how well the particular battery technology might perferm undes
heavy discharge. shock leads and other adverse conditions which ars liksly 1o be encountersd on a
rescle platform.

Awvailability An estimate of how difficult it might be to find a replacement battery If necessary. especially in
a foreign country.

Low weight A measure of the weight per Wh of energy for each battery technelagy.

The most prevalant battery technologies at the lime of comparison were lead acid, MiH (Micks| WMetal
Hydride), MiCad (Mickel Cadmium), Li-lon (Lithium len} and LiPo (Lithium Pelymer). Dats was gathered on
gach battery technology which was used ta quantify the comparisen [29]. The comparison which follows
ranks each of the battery technologies relative to each other. All rumbears in thess camparisans are chosen
such that higher numbers indicate an increasingly preferable solution.

421 Low cost

The prica per Wh of aach battery type is compared in the bar chart shown in Figure 4.5

4.2.2 Ruggedness

Lead Acid Prabably the mast rugged battery for this application, s capable of supplying high surge cur-
rents and s not ton adversely affected by high discharge rates and shock forces. It can also pe vary
easily chargad.

MICad |= even mare rugged than lead acid when considering only discharging, however these batteries are
particularly susceptible to changes in temperature and thermal rurawsy is possibie during charging

NiMH Slightly less rugged than NiCad batteries, but still suitable for use in the platform. They do have the
disadvantags of farly high self discharge, and their capacity degrades fairly quickly with use.

Li-lon Has low self-dischargs, hawever the capacity of these batteriss degrades fairly quickly even when
not being used. ithium lon batteries are also especially susceplible to overheating, over-discharging
and overcharging, any ang of which can permanently destroy the ceil, Using many of lhese battery
cells in parallel is the ysual methad for altowing high current draw from this technology.

LiPe These cells while potentially mors fargiving than Li-lon batteries, do have the disadvantage that should
their limits be excesd they are particularly susceptible to sxplosian. While each new crop of Lithium-
Polymer batteries which is released impraves upen this, Iheir propensity to explode when subjected
lor shock lpads makes their fragility a concern tor this platfarm,

The estimation of the relative ruggedriess of each battery is rated in the chart in Figure 4.6
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Figure 4.6: Estimation of the ruggedness of suitable cells for each battery technology.

LiPa l
Li-lan
MiH

MiCad

i 2 4 B B 14
Availability estimate

Figure 4.7: Estimation of the availability of suitable cells for gach battery techmology.

4.2.3 Availability

Lead Acid This type of battery is probabily the most widely available battery fechnology in the world,
NiCad Formetly a relatively popular battery technolagy, it has largely been replaced by NiMH.

NIMH Was the most popular rechargeakble battery technology, has been almest completely replaced by Li-
lon n low power applications, however, still enjoys relative popularity for use In porlable tools although
this is diminishing as the cost of Li-lon battery techrology decreases.

Li-lon Due to the almost exclusive use of these batteries in cellular phonegs this technology can be found
in aimosgt every corner of the globe. However, the cells emploved in cellular phone batteries would he
prohibitively expensive and complicated 1o adapt for use in high power applications. Suitable lithium
inn batteries are thus probably less widely available than suilable MMM hatteries.

LiPe This battery technalogy has a very specific set of applications and as such ‘s relalively rare.

An estirmation of the redative availability is showo in Figure 4 7.

4.2.4 Low Weight

This energy per unit weight for each battery technology [28] is visualised in Figure 4.8.
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Figure 4.8 Battery technologias comgared by the average amount of enargy thay carry per kg of mass.
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Faurg 4.9 The weighting to the factors considered for gach battery technology.

4.2.5 Comparison

Ta aid in the comparison, the relative strengths and weaknesses of each battery technobegy are combined
and each battery technoiogy compared. Each factor was given a weighting according to the perceived
importance of that particular factor.

Weight This was desmed fo be the most important factor for conswdaration as it effects the portability,
speed and motor requiremnents for the platform.

Avallability This was decided to be slightly less than half as important as low weight.

Ruggedness As the plattorm is still in development this was chosen as the least mportant factor providing
that the kattery chosen was sufficiently rugged.

Low Cost This was chogen as alse relatively unimportant factor in comparisan to the other factors as the
budgetary canstraints for this platform were flexible.

Using these weighting factors each battery technology can be relatively evaluaied for use in this platform
Each factor was converted to a value betwean 0 and 10 and had the applicable weighting factor agplied.
The rasuits are shown in Figure 4,10,

This comparizon wolld indicate that a commercial Li-lon battery pack should be considered the primary
candidate for use on the platform. Power tool batteries are ideally suited for deployment on this glatform
as thay are designed for use in high current draw appglications and also arg availabie with their respective
chargers.
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MiCad

Lead Acid

Figura 4.10; The weighted comparison for each battery technelogy.

Figure 4.11: The 18V 3.0Ah Makita Li-lon battery [30]

Enquiries with local suppliers indicated that there were a number of available options. Bafteries were avail-
abie in 12V, 14.4Y and 18Y configurations. Higher voltage power supply was pre‘arable as it would allow
higher power Motors (o ke used with |ower current losses The molors selected came in both 24V and 36Y
cenfigurations, as such a decision was made to employ the 18V 3.0Ah Makita battéries in Figure 4.11.
Theza were readily available through a local suppher,

4.3 Material Choice

In the design ¢f the previgus prototype robat in Section 2.2, the decision was made  use the polymer High
Density Polyethylens (HDPE) over aluminium for the construction of the robol. HOPE while less stiff than
Aluminium, was al tha ime significantly cheapar and also allowed for higher speed machining, During the
course of manufacturing it became apparent that there were some issuss with the machinakilily of HGPE.
Internai stresses within lhe material resulted in pans buckling noticeakly when woids were machined intg
them. In addition, loeal supplies of HOPE proved o be hugely vasiable with as wuch as 20% variabion in
thickness an some cast plates, this resulied in having to order substantially thickes material than desired and
machining away the excess to attempt to achisve the desired size uniformity. however this only exacerbatad
the buckiing proklem. A further negative for HOPE was ils price. During eanstruclion of the first pratolype in
2007, HOPE was substantially cheaper than alurminium, howaves, over [he passing manihs as the oil price
rose, 5o did the price of FIDPE ag it is an oil based preduct. During that same period the price of aluminium
remained approximately steady. The result was that al the time of manufacture, it cost only slightly less to
make a part fram HOPE than it did 10 make the sames part from aluminium. As aluminium is stiffer than
HDPE. it became possible o degign aluminium parts that were stiffer, smaller, lighter and cheaper than the
aquivalent parts madea fram HDPE. with the only downside being the increased complexity of the design
and machining operations

4.4 Motor and Controller Selection
The previous prototype robot suffered from 2 problems with regards o it drive system. The large weight

af the robot meant that the 88W motors (shown in Figure 4.13) were nat powerful gnough to achieve the
required performance. The molars had also been supplied as part of an arrangement with a local firm which
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Figura 4.13; The 85W Brushless DC mator and contrellar used in tha previous explarar platiorm.

wag imparting the malors and controdler intagrated circuits far usa in their own systems. A move away from
those particular components meant that both the mators and controllers had becorme difficult to obtain as
the suppliers wera unwilling to ship the small guantities required far the plaiform. The motar controllars were
alse prablematic for some other reasons. The first sroblem was that tha controllers had a iimited range of
acceptable input valtagss, so whan the batteries were fully charged the input voltage was too high, and
the input voltage sunk too low to power the cantrollers as the battery discharged even though the battary
had nat been felly discharged. The second problern which became apparent during testing was that the
controllers were saamingly not allowing the motars to deliver thelr maximum performance at all times.

To determine tha true powar output of the mator and controller combination whizh were previously used, a
Frany brake was constructed to test the motar and the available cantroller was used to control the motor
during the test. & Prony brake measures the torgue output of a motor at a particular speed. This is achieved
by applying friction to the maotor shaft until the mator spead bagins (o drop. Tha maximum forgus applied
at that speed, is then tha ratad tarque of the metor for that speed. By performing this test multiple times at
various spaads, it is possible to compare the achieved output of the molor and contrallar combination with
the specifications supplied by tha manufacturer, A test setup was consiructed as shown in Figure 4.14.

A pulley was fitted to the mater, A ball with load cells an either end was cailed around the pulley and pgre-

tensiorned. For a parlicular preload the maotor speed was increased unlil it would increass no mara, at this
speed readings were taken from sach load call. As shown in Figure 4,15 the torgue the mator exerts on
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Figure 4.14. The Pronry brake test sel up.
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Figure 4.15: Force diagram showing Prony brake set up, Iy denotes the force applied by the maotor to the
belt and + denotes the preload forge

the belt causes one side of the belt fo slacken and the other side to tighten, thus the load cell reading
decreases on one side and ‘ncreases on the other. By subtracting the smaller reading from the larger
reading the preload on the load cells 's eliminated and the result is equal 10 exaclly double the force the
molor s applying to the belt through friction. By using this force and the known pulley diameter it is possible
to calculate the torgue al thal speed. Finally using the torgue and the speed it is possible to determine the
power oufput of the motor at various speeds

Testing revealed that the motors were performing up to specification, but eritically, upon current limiting the
cantroller was placing the full supply current acioss the currert sense resistor, which is what caused mal-
function in the previous platform. The problems may have been possible to avercome by further developing
the: mator control board and trying o saurce the matars or equivalent motors locailly, however we lacked the
expertise and experience to develop a brushless DC motor contraller, and even then, o be lruly reliable the
controller would mest likely have Lo go through several iterations A trip to the 2008 RoboCup showed the
use of Maxon motors and controllers by many teams, additionally there existed a local agent for the motors
and it was hoped thal by coupling Maxon motors with Maxan controllers. a reliable drive system could be
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4.5, ConcludirE Remarks

achieved.

4.5 Concluding Remarks

Further refining the specifications in Chapter 3, the platform is to feature a central spine with tracks on each
side as shown in Figure 4.4. Flipper arms at each corner of the robot can provide assistance should the
robot become stuck. The platform features a stalkk camera and forward and rear facing cameras housed
within the spine. In order to provide space for external sensors and equipment an accessory plate is
mounted onto the top of the robot onto which a piece of equipment could be fixed. Power is to be provided
to the platform using a number of 18V Makita lithium-ion power tool batteries. The platform and flippers are
to be driven by 36V Maxon motors and controllers. The control system should make use of a joystick or
joystick-type controller, which should be intuitive to the operator. Using the broad ideas refined from this
design stage, the detailed design, where the exact size, shape and performance of the robot is determined,

can begin.
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Chapter 5

Mechanical Systems

3T

Figure 5.1: The overall dimensions af the platform,

The concept developed in Section 4.1 served as the starting point for the mechanical design. The machining
facilities avaitable are primarily manual and CMNC contralled lathes and milling machines. Althaugh it was
possible to outsource manufacturing, manufacturing in-house couid be perfarmed at na cost and it was alsa
passible to fallaw the part at every stage of manufacture, sliminating mistakes befors the parts are made.
The design of the robat was such thal parts could be made using the available manufacturing technoiogy
unless it was absalutely necessary to have outside manufacturing performed.

The explarer platform {Figures 5.1 and 5.2) consists of the 3 fundamental sections in Figure 5.3, a central
spine and 2 sidepods. Each sidepad is fixed to the central sping with 3mm ping and M4 Allan cap screws.
in an effart to reduce the tool reguirements, the rabot was designed with anly M3 and M4 screws.

Figure 5.4 shows how each sidepod may be further broken down. Each of these sub-agsemblies is ex-
plainad in further detail in the sectians which fallow,

The gross-saection af the platfarm is defined by the need ta fit through the entry triangle as par spacifications,
and the desire to enclose the flippar and drive motars within the front pulieys. The constraints brought about
by this decision are shoewn in Figure 5.5.



Figure 5.2: A rendering of the complete explorer platfarm.

Right Sidepod

Left Sidepod

Figure 5.3: The 3 seclions of the platform.

33



Drive Pullay 2 - Rear Pulley

/Sidepad
Crive Track
- f rive Trac

s Flinpsrs
i

Figure 5.4: The sub-assemblies making up the laft sidepod.
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51 The Spine

Figura 5.6: The left side of the spine.

Figure 5.7; Tha right side of the spine.

The spine as shown in Figures 5.6 and 5.7 is the main structural member of the robot. The axles about
which the drive pulley’s rotate are machined into the spine. Figure 5.8 shows the front axle on the right side.
It is made in 2 parts, the main part is part of the sping. The second part of the axle is a remavable cover
which allows wiring 1o be routed into the front drive pulleys which are further detailed in Ssction 5.3.

The rear axle n Figure 5.9 is machined into removable covers attached to either side of the rear of the
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3.1, The Spine

Figure 5.8 The removable cover which zllows cabling t¢ be rauted from the front pulleys to the rest of the
platform.

spine, Behind the covers is & gear set which provides drive to the rear flipper arms. Both rear flippers are
connected to the same shaft and as such aperate tagether.

Figure 5.5: The gear system for driving the rear flippers.
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5.1. The Spire

The spine also comprises an accessory deck designed to provide the mechanical, electrical ard commuri-
sations infrastructurs for further equipmeant Lo be fitted to the robot. The deck (wrich car be seen ir Figure
5.10) is constructed of an aluminium plate. This plate has 2 ablang ports maskired nto them which align
with ports n the spire 1o allow cables to be routed from the deck into the robot itzeli. The deck 15 cov-
ered with M4 tapped holes spacad at 30mm. The deck is supported at iis rear by arcther support section,
This rear sectior also houses the communications anternas, emergensy stop button and t1e powsr ard
commuricalions tether sockets as shown in Figure 5.1,

-

Figure 51Q: The spire with attacked assemblies.

5.1.1 Lighting Modules

The spire incorparates 4 lightirg modules (showr in Figure 5.12), 2 forward facing and 2 rezr faging. Light
s generated by 700 lumen Cree X-Lamp LED starboard moduigs. The lighting module ircorporatas a heat-
sink t0 dizsipate some of the heal generated by the LED modules whick is sufficient to melt the solder
joints between the power lines and LED starboard if left urchecked. Light passes through alens which also
locates the LED starboard in the housing.

5.1.2 Cameras

Three cameras #re incorparated nto the spire, a front facing camera. rear facing camera and a stalk
camana. The front and rear facing cameras fit within recesses in the spire and are located by covers. The
cover ard recess for the rear camera are shown in Figure 513

An exploded view of the stalk camera is showr 'n Figure 5.14. The stalk camera sub-assembly is designed
10 allow both the angle of the stailk relative to the spire and the argle of the camerd relalive to the stalk to
be adjusted. This ig to allow the view shown by the stalk camara to be adjusted aftar testing to that which
is most useful for navigation. The base and stalk cameras utilize the same basic camera. however the stalk
samera uses a wide-angle lens (o maximize the amaourt of ihe platiorm visible from the camera. The stalk
itself is a tapered graphile rod.
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5.1. The Spina
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Figure 5.11: Various equipment attached on the rear of the spine
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Figure 5.12: The components rmaking up the lighting module.
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5.2, The Sideped

Figure 5.13: The rear facing camera ard cover exploded from the spine.

Wiring for the stalk camera rung through the stalk, and ther along the spine with the rear camera wirirg
before passing through a port in the spire and irko the sidepods as shown in Figure 3.15.

5.2 The Sidepod

The primary furction of the sidepeds (shown ir Figure 5.16) is to provide space for the batteries and
elactronics in additior to other equipment which may be added to the rabet at a later stage. The sidepods
alsa locate the culside of the pulleys and house the tensioring mechanism for the drive tracks.

The left and right sidepeds are dasigned to be made of almost identical parts. Each sidepod consists of a
bottom ard top plate and frant and rear vertical members, The only difference between the left and right
sidepads being the rear vertical member of the left sidepod. which differs from all other vertical members
in that it features a cuteut for meunting the moter which drives the rear flippers. The parts making up the
sidepod are shown in Figure 517,

5.2.1 The Track Tensioning System

The track tensioning system uses 3 skid plates which can be adjusted to protrude above the tep surface of
the top plate of the sidepod. The ertire tersioning system is almost totally cortained within the Smm thick
top plate.

Figures 5.18 and 5.19 show the comparents which make up the tensionirg system. Three pieces placed
upon the length of the sidepod top plate (2 of which are shown in Figures 5.18 and 5.19) capture 3 rods
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5.2, The Sideped
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Figure 5.14; The componeants making up the stalk camera.

along the width of the top plate. Tightening screws pulls the sliding pieces and rods outwards. 3 Skid plates
are located above the rods. These skid plates have an nclined surface on their underside which rests an
the rods. Thus as the rads move outwards, the skid plates move upwards.

5.22 Battery Clip

Each sidepod containg 3 batteriss iocated by a battery clip as in Figure 5.20, which doubles as a terminal
block fur making electrical connections to the battery terminals. The batteries slide onta rails on the clip
as per Figure 5.21, whila spring leadad clips on he batteries thamsedves lock the batteries in place on the
bottem of the sidepod.

The battery olip itself is comprised of 4 compenents which are shown in Figure 5.22. Powar wiras ars

fastensd against tha terminal contacts using screws to hold the wires in place and make an electrical
connection
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5.2 The Sidepod

Fgure 5.15; The wiring for the stalk and rear facing cameras.

44



5.2, The Sideped

Figure 5. 16: The sidepod section of the platfarm.
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5.2. The Sidepod

— Top Plate
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Figure 5.17: The major companents making up a sidepod. This mage shows the left sidepod, with the
cutout and heat-sink for the rear ligper drive maotar in the réar vartical membear, The right sidepod does not
have this cutout in its réar vertical member,



5.2 The Sidepod

Figure 5.18; The top plate and tensioning system viewed from above and below. The skid plates are fully
lowered on the left and fully raised on the right
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3.2, Tne Sidepod

Figure 5.19: A cut-away view of the varicus parts cf the tensiening system shown in the raised and lowerad
poaition



52 The Sidepod

Figure 5.20: The batterias in place in the battery clip.

Figure 5.21: The batterigs, locating railz and terminal contacts viewed from below,
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_5.2. The Sidepod

Battery Locating Rail

\ ﬁf Battery Contact Clamp

Battery Contact
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Figure 5.22: The batteries and camponants making up the battery clip,
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5.3. The Drive Pulley

5.3 The Drive Pulley

Figure 5.23: The drive pulley sub-assemixy

Using wide drive tracks results in the pulleys which drive thase tracks being fairly wide. Placing the motor
cantrollers, drive and flipper motars within the drive pulleys themselves, provides 2 benefits. Space is freed
up withirn the robot which can be used to install maore equipment, also as the motors are fairly heavy, placing
them within the drive pulleys would move the centre of mass of the robat further forward which is desirable
for manesauvrability [32). This did create some design challenges though. In addition to providing drive to
the drive tracks, drive had to be provided 1o the tracks on the flipper arms and the flipper arms needed drive
for their positioning, all of which has to move through the sams axis. A complste pullsy sub-assembly is
shawn in Figure 5.23.

The parts making up a drive pulley are shown in Figure 5.24. Both the front and rear pulleys are macds
up of 3 parts. An inside cover which provides the bearing interface between the pulley and the spine, a
central pulley section which comprises the majority of the pulley width and an outside cowver which provides
a bearing interface for lncating the outside of the pulley. The drive pulleys differ from the rear pulleys in
that their inside cover is deepear to accommodate the langth of the melars contained within the pulleys. The
drive pulleys also have an oulside cover which has a drive gear sandwiched between 2 aluminium parts in
compariaon to the rear pulley which has no drive gear and hance the outside cover can be a single pisce.

The layout of the drive pulley is shown in Figure 5.25. Packaging thess components within the pulleys
resulted in tight clearances betwsen the rotating drums and mator assembly as is avident in Figure 5.26.

Figure 5 27 shows a section through the spine, drive pulley and flipper with the mator assembly orientation

rotated by 180° to show the layout of the drive system. The spine, the sectioned surface shown in arange,
iocates the motor sub-assembly using a spline-like feature created with dowel pins which fit inte scallops
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5.3 The Crive Pulley

Inside Cover

H/, Certer Pulley Section
' Motar Assembly

; Drive Pulley Outside Gentre Hub
)/' Pulley Drive Sear

ﬁ/ Dutside Cover

QOulside Bearing Set

Figure 5.24: An exploded view of the drive pulley,

Flipper Arm Gearset |

Motor Conirol Boar '

Cirive Pulley Gearset

Figure 5.25 A culaway view of the drive pulley showing the comporents irside the pulley.
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5.3. The Drive Pulley

Figure 5.27; A section through the front drive trair.
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5.4. The Flipper Arm

machined into the spine and mator assembly isee Figure 5.28). A thrust bearing and needle bearing{shown
against the spine in blue) are used in combination to lecate the inside surface of the drive pulley. It was
necessary to uge this bearing arrangement to allow enough space for wiring to pass through the center
of the axle, while censerving space along the drive axis. The drive pulley. sectioned in red, s located on
the outside by a similar thrust and needie Dearing arrangement, which are themselves held captive in a
detachable plate. The drive motor drives the pulley through a spur gear fised with ping to the pulley tself,
Oirive is then transterrad to the pulley driving the flipper tracks through 3 pins on the inside of the drive pulley
culside cover,

Figure 5.28: The pins fixing the mator assembly to the spine.

The metar sub-assembly of the drive pulley, shown in Figure 5.29, containg the motors, motor heat sinks,
cortrol electronics and flipper positiening shaff. The flipper positioning shaft is driven by the flipper motor
through a spur gear (shown sectioned in yellow in Figure 5.27). The shaft is fixed to the arm of the flipper
on it outside. The flipper arm is located on the the flipper pulley with a ball bearing, while the flipper pulley
is located against the positiening shaft with arcther ball bearing (Both shown in Blue in Figure 5.27).

5.4 The Flipper Arm

Each flipper arm is a 3 part sandwich construction with an inner and outer plate separated by spacers which
enclose 2 pulleys. The various pieces making up each of the 4 fligpers are shown In Figure 5,30, Drive is
transkerred to the flipper tracks through 3 pins on the platform’s mam drive pulley which can be seen in
Figure 523 These ping fit into the holes in the drive pulley of the flipper ag shown in Figure 5.31.

52



5.4 The Flipper Arm

Motor Control Electromcs

Flipper Drive Shaif .
Fliipper Drive Gear

\ Fiipper Drive Moitor
Drive Motar

Figure 5.29: Exploded view of the motor sub-assembly.
Inside Cowver

Flipper Drive Beit
Tensioner

Fipper Drive Bel

Fiipper Drve
Pulley

Flipper Arm
Drrive Hub

Outside Cover —=———-—"

Figure 5.30 An expioded view showing the varigus pieces making up the flipper arm



5.4, The Flipper Arm

Figure 5.31: The inside face of the flioper arm.
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5.5 Drive Tracks

5.4.1 Flipper Track Tensioning System

A mechanism for the adustment of the flipper track {ension is accessible on the cutside face of the fipper
arm, indicated in Figure 5,32,

Flipper Track Tansion Adjustmeant Screw

Frgure 5.32: The cutside face af the fipper arm.

Ag shown in Figure 5.33, the tensioning systerm for the flipper uses 4 set-scraw which tightens against an
inclined surface on a riger which causes it fo move upwards, Balt tension keeps the riser in place against
the set-scraw,

5.5 Drive Tracks

The main drive track and the flippsr tracks are both made from polyurethane T10 timing beidt as shown in
Figure 5.34. Each main drive balt is 175mm wida. whils sach flipper balt is 32mm wide. T10 balt was chosan
as il is widely available and additionally can be specified with cast-in steel reinforcing. Polyurethane was
chosar as the belling material of choice as through the uze of solvenis it would be possible to weld lugs to
the outside of tha tracks,

56 Motor Selection

The molor and gearbox combinatien selected for the drive and flipper motors was initially a 368Y Maxon
120W Brushless DC metor fitted with a 431 gearbox, The decision to place the motors inside the drive
pulleys necessitated reaching a compromise betwaen size, powear and cost.

The initial gelection could be narrowed down to 36Y brushiess motors due to the choice of batteries. Motor
size was the most stringsnt of the requirements. The length of 2 motors back to back had to be such that
the platform could fit thraugh the entry triangle (see Figure 5.5} with additional space for maounting and the
slructure of the platform. Motor power was a more indefinite constraint, In theory 1t would be possible to
use gears to genarate the required torgua from any moter. on the other hand there are practical limitations
to this approach and a large gear-train would add weight reduce efficiency and could be a potential waste
of the fimited available space. In general the most powerful motar which fit the olhar constraints would be
ideal. Cost was alsg a somewhat flaxibie constraint. As the motors would be paid for out of a fixed budgel
for the platiorm, overspending on motors wolld leave less money available far other itams, hence maximum
value rather than minimum cosl was sought.
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5.6, Mgtor Selection

——— ———— Tensioning Set-screw

___— Tensioner Riser

Figure 5 33: A cutaway view of the track tensioning system,

Figure 5.34: A close-up of a flipper belt.

5.6.1 Maxon Motor Ranges

A1 the time of selection Maxon had 4 product ranges within their brushless motor family, shown in Figure
5.35. The brushless motor family have the EC designation. The product ranges are as follows:
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5.68. Motar Selection

b
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Figurs 5.35: The varigus brushless Maxon metors ranges. from left to right, top to bottem; EC, EC-Max,
EC-Powearmax and EC-Flat.

EC The standard brushless mator range. This range provides the maost selection and flexibility, not anly
with motors, but also with gearboxes and other accessorias,

EC-max The sronamical brushless motor range. This range cansisis of a subset of the EC range which
are produced in higher gquantities and can thus be offered at lower cost to motars in the EC rangs

EC-powermax The high performance brushiess moter rangs, The EC-powearmax range consists of motars
with highar pawer and smaller physical size than the EC range. but importantly also with & higher cast.

EC-flat The flat motar sange, This sangs differs fram ather EC motars in that the mator is laid out differently
to achieve motors which are generally larges diameter but flatter than the other moters in the EC
range.

The motors wers compared based an the cost per Watt af power provided by the motar. The EC-powermax
range performed favourably in this comparison, bul was ruled out dus ta the high cost of the mators {typically
3 to 4 times the price of a EC matos with similar power}, and also due to the fact that the 200 motar
which provided the best valug in the range would have required the use of larger and mors expensive
motor controllers. The EC-flat sange was ruled aut as maotors which provided value and sufficient power
could nat be fitted with gearbaxes and were too large ta be realistically mounted within the platform. EC
motors above 120 were rulad out due to the physical package of the moter which would be too large to
package in the platfarm. The EC-max range moters are physically larges than the standard EC range for
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5.6, Mator Salactian

Figure 5.36: A Maxon planetary gearbox.

the equivalent power, and the monatary saving was insignificant{less than B150 par motor) for the motors
under cansideration,

The 120W EC moter was the highest powsr motor available which was physically suitable, It also provided
the best value of all othar suitable mators.

56.2 Gearbox Selection

The gearbox selection was dependant on the forgue reguired te perfarm cerain tasks. The motors had 2
separate applications, drive motors and flipper motors.

To provide additional flexibility to the discrete gearbox ratios available from Maxon such as that shown in
Figure 5.36], an additional final drive ratio was included for both the drive and flipper motors which would
taka the furm of a final gear raduction. The nature of operaticn of a platform such as this is intermittent
pericds of high loads, with the majerity of time spenl either al rest or maneuvering using low power. The
motors arg rated according fo their capabilities to operate continuously at the rated lead in still air and with
no heat-sinking of the stater coils which are tharmally connacted t¢ the motor hausing. As such an overload
faclor was specified, which specifies the permissikle amount beyand the rated parformance a motor would
have {o be eperated to perform a task. The maximum amount of current which it would be pessible to deliver
to the mators and thus lhe maximum power quiput from the moters is ultimately imited by the centrollars,
which had a scft limit at 84 and a hard cutoff at 104, Considering the 3,764 rated current of the metar and
the 104 limit of the controllers, a magimum overload factor of % = 200 Was used.

The worst case scenaric for the fipper arms would be one in which the entire weight of the platform would
be supporied on the flippers. As this is highly unlikely to ccocur during regular operation, specifying the
mators according to this scenaric should allow the platferm to frae itself befora stalling the motars,

The worst case scenario for a drive metor would be ane in which the platform is driving through irregular
terrain and the entire weight of the platform wauld have to be lifted verlically by the drive molars. While i is
unlikaly that the platform would ever be 'n a pasitian in which the drive tracks hawve ta lift the sntire platform
vertically, using this to specify the motar should ensure sufficient torgue to free the platform in the case of it
becoming stuck,

As the mators and gearboxes were the first companents to be specified, a numker of assumptions were
made aboul the final size and weight of the platform in order to spacify the motors. Additionally 1o specify
a gearhes, the manufacturars specifications for the motars were used. The assumpticns made about the
platfarm and motar specifications are as follows:

The final drive ratic for the drive and the flipper was chosen as a 2.1 reduction. The torgque ¢n the flippar
mators is thus given by,
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5.6. Motor Selection

Item | Value
Platform

Platform Weight 20 kg

[ Pulley Diameter 150 mm
Flipper Length 250 mm

"Motor

Rated Torque 123 mNm
Rated Current 3.76 A
Maximum Current 10 A

Table 5.1: Platform and motor constants used for motor and gearbox specification

_ Weight

Tr x g x Flipper Length x Final Drive Ratio

=229-x9.81x0.25x%
=12.263Nm

The overload torque, that is the maximum torque which the controllers should allow the motor to output,
should be linearly proportional to the amount of current above the rated current which the controllers can

supply,

Magzimum Torque _ Mazimum Current

Rated Torque ~  Rated Current
Magimum Toraue = Rated Torque x Mazimum Current
que = Rated Current
0.123 x 10

Mazimum Torque = 376

Mazimum Torque = 0.32TNm

Thus the required gearbox ratio is simply the ratio of the 2 torques, 25327 = 37.485 : 1.

For the drive pulleys the torque required is,

Tp

x g x Pulley Radius x Final Drive Ratio

20 015 1
_—2-X9.81XTX-2‘

=T7.358 Nm

_ Weight
T2

Thus the required gearbox for the drive motors is, 7:328 =22.491: 1.

Using the same gearbox and motor combination for both the flipper and drive motors would result in it being
possible to swap out a broken drive motor with a flipper motor in the field if necessary, and would reduce
the number of unique spare parts required. In addition using the same motor and gearbox would yield a
10% discount from the supplier. The gearboxes most closely fitting the requiroments were 43:1 and 26:1.
It would thus be preferable to use a 43:1 gearbox for both the drive and flipper motors providing that this
would not make the platform too slow under normal operation. The rated speed of the motor is given as
8710RPM, using a 43:1 gearbox and the estimated wheel diameter results in a platform speed of 1.6m/s.
Considering that an average human walks at about 4-5km/h which equates to 1.1-1.4m/s, this platform
speed was deemed more than acceptable.
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5.6. Motor Selection

5.6.3 Track Skid Forces

During testing it became apparent that the most challenging requirement of the drive motors was to perform
an on-the-spot turn. The friction co-efficient between the track and the ground, u, was measured at 0.8.
Using this information and the geometry of the platform, criteria could be developed for specifying motors
and gearboxes for the platform. :

The friction forces acting on the tracks while performing a turn were considered. A turn about the center
point of the platform would imply that all points on the tracks are moving in a circular path. Friction acts
opposite to the direction of motion and as such the direction of the friction force changes at various points
along the track. Figure 5.37 shows the forces as a result of friction acting upon a clockwise rotating skid-
steered vehicle. The distribution of mass along the length of the track is assumed to be uniform, and as
such the magnitude of the distributed frictional force can also assumed to be uniform. The direction of the
force changes along the length of the track in order to oppose the direction of motion at a particular point.
The cumulative effect of the forces can be summed and considered to produce a moment due to friction
acting around the centroid of the vehicle, given in Figure 5.37 as M.
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Figure 5.37: The distributed friction force Fr and resulting moment My, acting upon a clockwise rotating
vehicle.

To calculate the magnitude of the frictional moment My, the product of the frictional force and its distance
from the center of rotation at all points along the tracks need to be summed. Figure 5.38 shows a diagram
of the vehicle and its geometry. The length of track touching the ground is given as Ly, while the distance
between the two tracks is given as Ly . Looking only in the first quadrant as shown, we can say that the
contribution to the frictional moment over a portion of length Az of some point, distance z from the midpoint
of the track will be given by FrAzL(x). The total contribution of the first quadrant to M is then given by,

EF
Z FpL(z)Az

z=0

The length L changes as a function of =, and can be expressed as,

so= =+ (%)

The expanded form of the first quadrant’s contribution to MF is,
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5.6 Motor Selection

Figure 5.38: The geametiic constants for the vehicle used {o caloulate the frictional moment caused by +
acting at a distance L from the center of ratation.
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The vehicle is assumed to be symmetric about both its horizental and verfical axes fhus,

= 2 PR
Mp=13_ Fr 1» 2 (T"*) As
#=0 -

This can be expressed in integral form as,

Me—1 [ Fr 1|” 22 + (T"‘”) dir
| el

Since the distributad frictional force, £, has heen assumed to be constant along the langth of the track,
thig can be removed from the integral to simplify the squation,

AT .'I L z
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Stewart [33] gives the integral of the ganeral form,
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5.8. Motar Selection
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The frictional force Fr. can be assumed to be directly proportional through a friction co-efficient o the mass
of the platform given by 37, The platiorm mass A4, is unifermly distibuted along the length of the 2 tracks
2f.p. yielding a distributed load on the tracks of 72 The distributed frictional force can then be given by,

M
2Lp

B g

Where . is the co-efficient of friclion. and 5 is the gravitational constant. Substituting this inta the previous
result grees

(!

v e (Lr (BVT By (Ir  (BaIHY My (lw ﬁf pect
L R N E . Al M B '

The drive tracks exert diive force to create a turning moment, M-, which is opposed by the frictional
moment, My, For the vehicle to turn the applied momernt must be at least equal to the oppesing moment,

g0 A — Ml

The drive farce acts at a distance %-L fram the certerling as shown in Figure 5.35. The moment exeried by
ore track is F U%’n‘. The wtal moment due to drive forces Ad,
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5.8, Maotor Selection
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Equatirg the drive ard frotion moments allows #,. to be determinad,
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This can be used o detsrming the torque requiremerts at the motar output shaft. 7, using the drive pulley
diameter (i ard the fotal gear ratio betwesn the maotor cutput ard the drive pulley 4,

" (%)) (5.3)

The plot of Equation 5.3 in Figure 5.40 shews that as the vehicle gets relativaly long and narrow, i.e. ﬁ‘;— o
the torgue requirements incraase ard that corversely with % = 1 the lorque requiremerts decrease.

.f I.'.-'f = —H-y.'lll‘fDD (ﬁ .'II —L%‘ + LF""’F ‘I' i ]Ll (ﬁ e
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12

Tart M)

L
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Figure 5.40: A plot showirg the relationship between the geometry of a vehicle and the motor terque re-
guired to perform an on-the-spat tuee., Data is showr for 3 differert vehicle weights,

The weight of the platform as built is above 42kg rather than the astimated 20 kg. The ircreased platform
weight pushed the torgue requiremerts beyvond what cowld be provided, even for short pericds of time. The
initial estimatior for maximum torque allowed by the cartroller was based on a maximum current of 104,
testing revealed that the controfier's soft limit of 5A would have beer a better choice.
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5.7. Concluding Remarks

Using these calculations new motor and gearbox combinations for the drive and flipper mators ware ordered.
Space consiraints limiled choice to the same 120W mator with any 2 stage planetary gearbox. In atddition
to the increased platiorm mass of 42kg, a 17kg robotic arm and sensor payload shown in Figure 541 was
fitted 1o the platform. Tnis yields a new total desigr weight of 60kqg,

Using the final platform weight and size o determire the drive torque reguired to parform a turn, yields,

T e Dy L] , L2 | LE el L:l oy . +L3 ﬂr
gedopdow S ‘l'r 4

_ALE W WL & G 2 [T IRER .'“ HES? + 052 + {1.5% lj 652 | 0.5° .57 l (U.-ﬁ
TS 0.60 x U5 T i

= 13.505Vm

Comparing this to the torque required to lift the platform vertically using the drive tracks yislds,

Wiright
Ipn= ; w o ow Pulley Budins » Finegl Drive Batia
Elh 1 P e e
— — = 8] = =
2 2 14
= 11203 N e

Thus the tarque required to perform an or thie spot turn is greater than that requirad to lift the platform ver-
tically. Using 5A instead of 10A far maximum current gives a new maximusm torgue of 0.184Mm. Calaulating
the desired gearbox ratio far the moter thus yislds 28 — 2 206 1. To avoid operating the motor near its
lirmit, an additional safety factar of 1.5 was applied, this in turn yields a desired gearbox ratio of 1243450 1

The next available size up from this is 126 : 1, which was ordered,

5.6.4 Revised Flipper Torque Requirementis

The addittonal platform weight ultimately changed the demards or the flipper mators and as such the
gearboxes needed to ba re-gpacified.
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Using the new maximum maotor torque of 0.184Mm, the degired gearbox ralio is 2386352 1, Unfertunately
the largest available reduction for a 3 stage gearbox is 156 : 1. This was chosen as it was the only option,
The comseguances of this ara that the flippers have to be used with same care, and would not be able to
rely on the flippers to remaoye the fully logded platform from all situations.

5.7 Conciuding Remarks

In total there are 68 unique parts and 170 campaonents which were machined far the platform. The alu-
miniwm parts which make up the majority of the structure of the platform are shown in Figure 5.42

The concept designed was successfully completed and met the desgired specifications with the exceptian
of the platform mass which, at 42kg was somewhat higher than the desired 20kg. Further investigation of
how the completed platform met the specificationg s given in Chapter 7. In Chaptar & which follows, the
electrical, electronic and saftware systems which control the platform are discussed.
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Figure 5.42: The machined aluminium parts makirg up the platform after aradising.

5.7, Corcuding Remarks
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Chapter 6

Electrical, Electronic and Software Systems

In 9rder to operate the platform’s mechanical systems, power and control signals must be directed to the
various s_ubsyste’m.s of the robot. These systems can be broken down into the electrical system which is
tasked wut{r providing power to the platform, the control system, which is the electronic equipment which
converts signals sent by the operator into the signals required to make the motors move, and finally the
software which provides the interface between the operator and the platform.

6.1 Power Distribution

The platform makes use of 18V 3.0Ah Lithium-lon Makita power tool batteries as the power source. The
platform contains 6 of these batteries in total. The terminals of the batteries are connected to a power
distribution board. The board was designed to fit upright within the sidepod, as shown in Figure 6.1. This
board has a number of functions;

Power Supply The board connects 2 sets of 2 batteries in series to provide 36V, while the remaining 2
batteries are used to supply 18V. The 36V power line is used to power additional switched mode
power supplies to provide both 12V and 5V which are used to power additional equipment added to
the robot.

Power Tether The board uses relays which switch from battery to tether supplied power when the tether is
connected.

Emergency Stop The board uses the emergency stop switch to trigger a relay which disconnects all power
lines, thus shutting down all robot sub-systems.

Figure 6.2 shows the schematic of the power board, while the functional components are shown in Figure
6.3.

6.2 Control

Figure 6.4 shows an overview of the control system. The control system can be described as follows;

interface layer The software on the operators computer converts the position of the joystick into a com-
mand to send to the robot. This software is discussed further in Section 6.3.

Communlcations layer The operator's computer sends the command over Ethernet to the Ubiquiti Router-
Station Pro wireless router board in the control station. The router board takes the command and
transmits it wirelessly to an identical router-board on the platform. The router board on the platform
receives the command and outputs it through its Ethernet port.

Control Layer The command sent by the operator is extracted from the Ethernet packet and outputted
over serial by the Tibbo DS1206 Ethernet-to-serial converter. The command is then broadcast to the
motor control boards on the robot. The microprocessor on the motor control boards uses a Digital to
Analogue Convertor (DAC) to generate an analogue signal sent to the Maxon motor controllers which
is used to set the desired motor speed. Buffered 10 pins control the enable and direction pins on the

Maxon motor controller.
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Figure 6,1: The power distribution board installed in the platform sidepod,

6.2.1 Wirelass Rouier Board

The wireless router boards used on the opsrator station and on the platferm are identical Ubiquiti Router-
Station Pro boards. Both boards are fitted with 2 5.0GHz radios which each connect to an antenna. These
router boards are fundamentally an embedded computer running a version of Linux, designed specifically
far use on network routers, called OpenWRT. Setting up these boards s achieved by logging anta the
boards over an S5H cennectian and altering configuration files an the baards. An image of ene of these
boards s shown in Figure B.5.

6.2.2 Ethernet to Serial Converter

The gxisting rmator contral boards receive commands via RS232 serial communication, while the router
baards communicate primarily through Ethernet. The router boards do have an on-board serial port, how-
gver this would require writing Software to run on the router which would convert the Ethernet signals o
serial, this would require additional selup to be dene on any replacement board. and weould enly provide
one serial part, The Tibbo DB1206 Serial to Etharnet converter shown in Figure 8.6, requires no setup. and
is capable of providing 4 serial connections through one port and as such was a preferable cheoice to the
serial pert anboard the RouterStation Pros.

6.2.3 Motor Control Boards

The motar cantrol boards shown in Figure 6.7 were designed by Robolics and Agents Research Labaratory
MSe student Justin Pead and were reprogrammed for use in this application. The board features a Freescale
GT16 microprocessar which interfaces with a DAC, The DAC is used o output a woltage between 0 and
SV corresponding to a recaived motor speed value of 0-255, This analogue signal is then connected o the
speed contral input on the Maxon matar contrellers. The microprocesser also uses a number of buffered 10
pins to control the enable and direction inputs on the Maxon motor controllers.

6.2.4 Coantrol Command Structure

The mator control boards have a defined structure for the commands which they will accept. The structure

15 88 follows:
255 ABC
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Figure 6.3, The various components on the power distribution board.

255 Initiate Each command starts with 255 as a method for signalling the start of a command to pravant
errars in the event of corrupted communications.

A Motor select This is a number Batween 0 and 4 which specifies which mator the cormmand 15 inlended
for {See Figura 6.3}

B Direction When 0 this command causes the motor to spin in the clockwise diraction, otherwise the motor
sping in the anti-clockwise direction.

C Speed This number between & and 255 sets the speed of the motar.

6.2.5 Motor Cantrollers

The controllers used ara Maxon DECY50/5 controllers. These controllers are capabls of supplying 5A con-
tiruously, bul can provide up to 104 for short periods of Lime. Figure 6.9 shows the controllers as supplied
i their metal enclosures and alzs once removed fram fraom the enclosurs to allow the board to be fittad in
the drive pulleys.

6.2.6 Video Cameras

Three black and white miniature cameras are instailed on the base. One of these cameras iz shown in
Figure 6.10. The Camera signals are encoded for transmission across the Ethernet network by the Beoseh
VIP X2 video encoder shown in Figura 6.11. The cameras provide a forward, rear and top view of the
platiorm.
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irterface

Contral

Figurs 6.4: The contral system of the platform. The figure shows the cortral system broker dowr it its 3
functional layers. The items enclosed by the biue dashed line are on the operator control station, while the
items enclosed by the green ling are on board the platform itself.

Figure 6.5: The Ubiguiti RouterStation Pro boards used o communicate with the platform
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Figure 6 6. The Tibbe DS1206 Ethernet to seral canverter

Figure 6.7: The mator contrel boards used to provide signals to the matar controllers.
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[ N —
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019 4

Figure 8.8: Plan view showing the positions of the various motars an the platform.

Figure 8.9: The Maxon DECVS0/5 mator controller inside and also remeved from the enclosure.
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Figura 6.10; The minature cameras installed on the patform.

Figure B.11: The Bosch VIP X2 Ethernet video encoder |34]
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l
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Motar 4: 0

Joystick Axes Valuss

Figure 8.12: The GUI for the centrol software for the rabot.

6.3 Software Systems

The software referred (o in this sechon is primarily the softwara which runs on the gperator's computer. The
software running on the motar controllers onkoard the rebot is descrbed above,

T control the rebot. the control software fakes an input from a device such as a joystick. converts this inlg
valuegs for meoter spesd and then transmits this information ever the network to the platform. A screenshot
ot the cantrol program is shown in Figure G.12. It is written using the Win32 C++ libraries for maximum
execution speed. This does howaver limit the use of the software to the Microsoft Windows™ opperating
systemn. Writing the code using a language or libraries which would aliow it to be ported more sasily to other
operating systems was considered, but was deemed undesirable. Windows™ is by far the mest popular
operating systam in uss today and would mast ikely be installed by defaglt on any computer used for the
operator station. Alse it is highly likely that the operator station will have to run software which will only
run on the Microsolt Windows™ operating system (for example the Bosh Video encoders are designed
primarily for use with Windows™).

The software communicates with the joystick as an Human Inlerface Device {HID) device. This choice was
rmade as it allows the use of any generic USB device to be used as a controller, Tha software communicates
with 1he device and relrieves the number of axes and buttons which the device possesses. [t also retrieves
the maximum values of the axes. Using these libraries it is possibie to create control seftware which should
work with any UISE device. The HID code was tested with 2 different model Logitech gamepads. 3 different
Wicrosoft Joysticks and a 3dConnexion SpaceMouse. [t was able to use all devices as controllers withaut
the need to ‘nstall any drivers.

6.3.1 Joystick Input Transformaticn

A problem faced when trying to conteal the motion of a tracked vehicle with a joystick type contraller, is bow
the values retrieved from the position of the joystick should be canverted to speed inputs (o the motors. It
is desired that the use of the joystick should be totally intuitive and require no or minimal gperatar training.
Az such we wish to consider what motion would be expected fram any particular joystick input and try
and create a system that generates the required motor values fram those inputs, with smocth transitions
batwaen them,

The particular device and softwars driver being used for receiving input valuss fram the input dewice will
effecl the raw data. bul for the sake of this example, the initial stale is considered where gach axis of the
joystick has possible values from 1 — .. and in the rest position the axis would have the value of %
Thig arrangemeant for a 2 axis joystick is shown in Fgure 6.13.

It would be desirabie for the joyslick o have a rest posilion of (1,0) and a3 maximum magnitude of 1,

this would allow for the direclion vector 1o be easily scaied. The space and hence the direction vector f3
is franstormed to produce the space shown in Figure £.14 and tha transiormed direction wvactor I, 1t is
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[ Foens Fora )
t

_____________________________

Figure §.13: The initial space raw data from a joystick may be received ir. The red cross-hairs in the center
indicates the rest pasition of the joystick, the blue bounding box shows the limits of joystick values and
vactor J shows an example vector of the joysticks position.

fesliumdi)

Figure 6.14: The transiormed joyslick space and direction vector.

possible to find D using the follawing farmula,
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6.3. Software Systems

Figure 6.15: A visual representation of the control metaphor

6.3.2 Control Metaphor

The input fram the joystick ultimately is being used to derive vaiues o send to the drive motors on-board the
plattorm. The aim of the control system was for it to be as intuitive as possible. With this in mind, thought
was given to what platfiorm motion could be expected from various joystick motions.

Joystick pushed forward
The platform should move forward,

Joystick pulied backward
The platiarm should move backward.

Joystick pushed left or right
The platform should perform an on-the-spot turn in the anti-clockwise and clockwise direction respec-
tively.

Joystick pushed in a direction between the » and ; axes
The platform should perfarm a sweeping tum.

The control metaphor chosen o simulate this pehaviour i one of a two-wheeled cart being pulled by an
elastic rope as shown in Figure 6 14.

The model has a numbper of useful features;

Steering arm
This feature provides the on-the-spot tuming ability and through changing the geometry allows the
steering sensitivity to be adjusted.

Elastic ropea

The joystick controls both the direction and the speed of the platiorm. In mast vehicles separate
contrals would be used for speed and direction, the accelerator pedal and steering wheel in a car
for instance. |If possible, it would be desirable to use one control for both speed and direction. The
distance from the rest position of the joystick could be viewed as the magnitude of the speed, while
the direction the joystick is pointing in could be viewed as the direction the robot is traveling. This can
be visualised as an elastic rope pulling the cart, the direction the rope is pulled in controis the direction
of the cart, and the axtension of the rope would relate to the speed the cart travels at.
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Figure §.16: The geometry of the cart used as the control mataphor,

Dead band
This can be thought of as the elastic rope being slack, when the joystick is moved small distances
around the centar point, nothing will happen. A dead-band helps to combat unwanted mavements
due 1o vibration, or due to the joystick nat relurning pracisely (o its zerc position after being released.

Figure &.16 shows the layout of the cart. The speed of the stesring arm end due 1o the operalor applisd
force is represented by & while the motor speeds are represented by A4, and A,

The combined effect of the wheel speeds, Af, and A4, should squal that of @, which has compensnis
lx, w1 The rotational and translational velocities can be summed to find the resultant wheel velocities.
Summing the retational velocities around the center of the the cart,

*'1":'!Ill'r'r.l.'. _ ﬁ
B kg
-
Maroy = .'E'.;-';r-' (8.1]
_*'1"1-1.1'-:.'-!: ﬁ
Y1 ke
My — —:;—‘ (6.2
The translational velocities of the wheels must ba equal to that of the cart,
Misrgns = Ay trowa T Ha fEiS]

The ratic between the width of the cart and the the steering arm “IL s combined inte a single geamelry
constant k. In total,

I!1|‘.:I-':| = *'1":I-I.Z'|'.l'u:'r|..-i o -'ll"'-‘{'_'l'r'r.l.l
My =y, — ki, (6.4)

and

1:'L{'I v *'1"'{1{.1 ana + *'1"'{1.1'!'.":
M B (6.5}
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Figure 8.17: The region of acceptable veloeity vectors.

Both Afy and A, have a maximum magnitude, which for the sake of convenience can be saf to 1. This
places limits on acceplable values for &, and ..

Myl = 1

o + k2 < 1 (6.5
Ly
|."l-f'__ <1

ity — dogmt =1 (6.7)

This creates a region of acceptable values for 4, and 2, as shown in Figure 6,17,

What s now required is some method of transforming the space and joystick inputs shown in Figure 6.14
to that shown in Figure 6.17. The direction of the joystick input vector needs to be preserved, while its
magnitude neads to be scaled. This lzads o & transformation scheme similar to that shown in Figure 6.18.

Considering a generic situation as shown in Figure 5.19 the proposed method for transformation is to
consider,

A (5.8)

Yizna F -

Tha ling [z defined by &, has the equation.
; N
ir] = =
fix) W

while the equation for the line iz} in any quadrant 15 given by,
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(0,1)

?(l‘.h—l]l
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Figure 6.18: The transformation from joystick input to vehicle speed vactor,

i —1)

Figurs 6.19: The joystick spacs and direction vectors before and after transtormation.
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Yo Tp
=32 (122,
9@) = 1] ( wo] g‘”)

The point of intersection between f(x) and g(z) allows va. to be found,

T = Lo
"™ lyp| + kglap|
YD
- 6.9
Yomee = Tupl+ kgl 9
From 6.8,
§ D
Umaz D,:“
Ty _ Tp
x”maa xDmo:u
Ty = Ty, ., 22 (6.10)

Depending on where along the boundary D,,.. is, zp,,,. ¢an be found, then used to find the motor speed
values M0 and M1,

<
l=0l < [yl (20! > ol
fa)=1= 22 = Lap
|yD| p Zp
2} TD,pe =+l =—
szom YD IzDI
Using 6.10 and 6.9 Using 6.10 and 6.9
- colol _ _oplan|
= Tyol + kglap] * = Wpl + kglzo]|
_ __yolyol Yo = yolzo|
Y= 1ol + kolzo| * = Tunl + Kglao]
Substituting back into 6.4 and 6.5 Substituting back into 6.4 and 6.5
_ (yp + ks7p)lypl My = (yp + kgzp)l|z |
° = lypl + kglz o] lvpl + kglz o]
_ (yp — kgzp)lyp| M, = o —Egzp)izpl
IyD| + kglxDl |yD| + kglle

The maximum value of M, and M; is 1. Thus to generate integer values to send to the motor, a scaling
factor needs to be applied. To achieve intuitive operation, another factor T'u‘gT is applied to the k,zp term.

This can be physically thought of as reversing the direction of the steering arm when the vehicle is put in
reverse.
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lzp| < |yp| |zp| > lyp|
Yp + k.,zp)|y YD + ko,zp)izD
My =k, (yp + {21ky7p)|yp| M, = E, ( T2rkyzp)|zD|
lyp| + kgl p| lyp| + kglzp|
_ ((yp — {#31kszp)lyol _ . (up — #Brkszp)|z |
M, =k, M, =k,
lyp| + kg|zp| lyp| + kglz Dl

Where,

zp The x co-ordinate of the joystick input in the range -1 to 1.
yp They co-ordinate of the joystick input in the range -1 to 1.

k, The geometry factor of the vehicle. The vehicle becomes more sensitive to steering inputs as this factor
tends toward 0.

.k, The speed factor. This factor is equal to the maximum value which one wishes to send to the motor.

6.4 Concluding Remarks

The systems described in this chapter function as required for evaluation of the platform. Development
is necessary in most systems to ruggedise the platform. The design of the electrical systems should be
expanded to include additional desirable features (e.g current monitoring and switching capabilities on the
power board and position control of the flippers) . These systems also require additional testing to ensure
robust operation outside of the controlled environment present during testing.

The following chapter goes on to test the performance of the platform. From the results of the tests, conclu-
sions are drawn as to how any problems may be rectified and where improvements may be made.
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Chapter 7

Testing and Results

The specifications in Chapter 3 defined the desired performance of the platform. Testing the actual perfor-
mance of the platform helps to determine a set of operating guidelines and aiso uncovers areas in which
future development might improve performance. A set of test procedures was drawn up which would test
the performance of the platform.

7.1 Test Procedures

The testing procedures for the platform were as follows:

Turning Perform clockwise and counter-clockwise 360°on-the-spot turns at various motor speeds.

+ Measure current
o Measure speed

Driving forwards Drive forward over a distance of 1m at various motor speeds.

e Measure current
o Measure speed

Driving in reverse Drive backward over a distance of 1m at various motor speeds.

e Measure current
o Measure speed

Ramp climbing Climb 30°and 45°inclines at various motor speeds.

« Measure cumrent
o Measure speed

Obstacie climbing Climb onto a platform using the flippers.
o Measure current
Stair climbing Climb onto and up a staircase.
e Measure current
Communications Measure the delay for a network message to reach the robot.

o Measure time using ping tool.

7.1.1 Measurement

The above procedures require the measurement of current and speed, the testing procedures used are
described below.
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Figure 7.1: Current measuremeants wera taken from the power supplies as in this sgreenshol.,
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Figure 7.2: The Mational Instruamant Labview application used for the second series of tesls.

7.1.1.1 Speed

To tast the speed at which the platform moved, tests were conducted over a fixed distance and timad using
a stopwatch or video footage where possibla.

7.1.1.2 Current

Measuring the current draw of the platform was somewhat challenging due t¢ the elecirical noise created
by the motors. A dedicated current measuremeant module was in developmeant by Hobotics and Agents
Research Laboratory MSe student David Lwakona at the time of testing. As this module would provide
accurate and real-tme current reéadings and defailed measurements were not required for this stage of
testing, the dedision was made to use the current read-out from the power supply (as in Figure 7.1) to give
an indication of the current draw of the platicrm.

For the second set of tests, the cantral electronics on the platform had been replaced, and ag such the
ariginal contral program ne longer worked. A Nalional Instrument LabVIEW applicalion was created by
David Lwabona for use in lesting the platform. The Graphical User Interface (GLI) for the program is shown
in Figure 7.2. The test setup somprising a laptop ruaning the conirol code and the power supplies froam
which current readings were taken s shown in Figurs 7.3,
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Figure 7.3; The setup of the operaiar contral station for testing.

7.2 Test Results

Two series of tasts ware performead. Initial testing found that the platform lacked lorgue for both the drive
and thpper motors, Subsequently new motors were ordered and fitted, the platform was anodised and the
smaooth belts used during the initial tesing were fited with pelyurethans feet for additional traction. The
platiorm was then re-assembled and taken to the 2012 RobsCup Rescue competition in Mexice City. Tims
constraints rmeant that only imited testing could accur hefore the RoboCup competlitian, Upon return from
RoboCup, tesling was redone using the new motor and gearbox combinations.

7.2.1 Turning

Turning on-the-spot represents a challenge as the tracks nead to slip significantly 1o be able to complele
this manoeuvre (further discussion on this s provided in Section 5.6.3 on page 60). The results of this
test indicated that the motors had insufficient torque to reliably spin an-lhe-spol. The motar controllars
oecasionally went inte current limiting mode and the behaviour was arratic,

Fittnent of the higher ratic gearboxes allowed the platform to turn &t low speeds. The current draw was
similar for both the clackwise and counter-clockwise turns, although the counter-clockwise turn took 10s
less wilh the same mgtor sat spaed. A plot of current draw aver time during the turn at the lowest speead
(55=) is given in Figure 7.4,

At 20% speed the lateral forces an the drive belts were sufficient to cause one of the drive moters in each
lest 10 stall and additionally caused severe misalignment of the bells. In addition 1o the misalignmeant, the
lateral forces were sufficient to cause the belt to bend along its width. The current draw and paints at which
each of the drive motors stalled are shown in Figure 7.5, The misalignment caused by turning at highet
speads i shown in Figures 7.6, 7.7 and 7.8.

7.2.2 Straight Line

The straight line tests involved driving the robot forward and backward over a marked distance (Flgure 7.9)
and measuring the time and current required te perform this task.

Initial testing ran into problems as the tracks worked off the drive pulleys as the robot drove, This behaviour
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Figure 7.5: Current draw aver time during platfarm turning at 20% speed. The points at which the motars
stalled and at which the tests were aborted are shown.

was nat prasent when the robot was run without the tracks touzhing the ground. Thea first suspicion was
that the drive pulleys were not paralisl to each other and perpendicular to the spine. To investigate this
hypathesis, the platform was fastened to the bed of 2 milling machine, znd & clock gauge was used o engure
the spine of the robot was parallel to one axis of the bed as can be seen in Figura ¥.10. The clock gauge was
then run along the width of the drive pulley to measure haw much it deviated from being perfectly square.
This pracess is shown in Figure 7,11, Measurements ware takan at 4 points around the circumfarence of
the pulley. The resuits showed that the pulleys were misaligned by at most 0.04mm aver the enfire pulley
width of 180mm and in maost cases were gut by less than 0.01mm. This level of misalignment was deemed
urnlikely to cause the track to run off the pulley at the rate which was being withessed.

The next hypothesis was that the testh of the puilsy weare slightly spiralled along the width of the pulley
causing the helt o be pushed off when run in one direction and drawn in when run in the other. This fit
with the obssrvations of the platform driving. To keep the belt in place, the front qutside hubs supports were
modified to include & vertical pin on their top sids which would limit the amount the belt could be pushed off
the pulleys, This madification is shown in Figure 7.12. Testing this canfiguration resulted in the belt pushing
strongly against the pin, and eventuzlly the acdge of the bell rising up and jumping over the pin. 11 was
suspected that the weight of the platform was holding the belt firrmly in place and with each revalution of
the pulieys the sliding off of the belt was compounded. To combat this, & similar pin was fitted to the boftom
side of the outside hub support, and the pins were replicated on the rear of the platiorm. This modification
solved the problem and as sueh testing could be conlinped.

The robot was run in forwards and reverse and timad over a distance of 1m while the current craw was
measured. The tests were performed at & speeds in the range of 0-255, These humbers correspond o a
mator spesd of approdimately 8- 10000rpm for an unloaded motor [35)]. The results of this test are shawn
in Figure 7.13. Plots of the current draw during the tests are shown for the forwards direction in Figure
7.14 and for reverse in Figure 7.15. In Figure 7.16 a plot of the maximum current draw when travelling at
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7.2, Test Results

Figure ¥.6. After a clockwige turn [he rear end of the left track was forced against the spine with enough
force to cause the track ta mount the spine. The torce was sufficient to cause the edge of the spine to slice
the teeth of the tracks.

varipus speeds is shown.

The second set of tests were run with different tracks, on a differant surface and with diffierent motors. As
such a direct comparison between speeds and currents In the 2 sets of tests has Imited value. As with the
previous tests, a distance of 1m was marked sut on the floor and the platform was timed when travelling
ovar the distance to determine its average speed. Based on the new gearbox ratios it should be expected
that the platferm will move at 1/3™ of ils previous speed. The tests approximately met this prediction. The
results of the tests are shown n Figures 7.17.7.18, 7.19 and 7.20.

Placing B0kg of weighl on the platform increased current draw to approximately 4A al low speed while
moving in a straight ling,
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Figure 7.7: The underside of the platform after a clockwise lurn at 20% speed, Tha front of he leil track is
showr having climbed over the lip of the spine. Also showr are the areas where fest have detached from
the drive pelts,
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Figure 7 8: A view fram tha frent of the platform. The left track has bant sufficiently to ¢lose the gap which
should bs between the track and the sping (visible on the right track) if the track was straught,
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Fqure 7.9 The roba and the marked dislance ‘1 was timed over wher travelirg forward and backward.
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Figure 7.10: The clock gauge was run along the spine to ensure it was parallel with one axis of the mill.

a1



7.2 Test Results

Figure 7.11: The platform secured on the table of a milling machine to determine the degree to which the
drive pulleys were out of alignmeant.
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7.2. Test Hesults

Figure 7.12: A guide pin modification to keep the drive tracks in place.
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Figure 7.13: The results of the forward and reverse speed tests.
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Figure 7.15; The currant draw of the robot while travelling in reverse at various speeds.
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Figure 7.17: The resuits of the forward and reverse speed tests with new motors.
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Figure 7.18: The current draw of the robot while travelling forwards at various speeds with new mators,
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Figura 7.18: The current draw of the robot while travelling in reverse at various speesds with new motors.
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Figurs 7.20: The maximum current draw of the robat while travelling forwards and in reverse at various

speeds with new motars.
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7.2.3 Siope Climbing

An adjustable slope was constructed and a distance was marked gut on the slope. The time 1o move across
the marked distance was measured and current draw to mount the slope and move up it was also measured.
As a protection featura the moter controllers gradually slow down the moters (o aveid excess energy being
dumped back inte the batteries, Dueg to this there was the risk 1hal at higher speeds the robel might run
owver 1he top of the ramp as the motors were slowing down, sg the tesis wera rot performed over the entire
range of speeds. The setup of the slope is shown in Fgure 7.21, while the resulls of the 307 tesl are shown
in Figure 7.22. A plat of the current draw during the test can be seen in Figure 7.23.

Figure 7.21: The slope used to 1est the slope climbing performance of the platform. The inclined surface can
ke seen here coverad with a high friction silicon mat to attempt to provide enough {raction for the platform

to ascend the slope.

- e L

Speed im/s

0.3 7
o L
F/T | |
0.1 i
(- | |
0 50 100 150 200 250 300
Conlroller Speed Input (§-255)

Figure 7.22: Aaesults of the speed tesl performed on the 30° rami. The tests were stopped at speed 153
due to concerns that the rebot wouldni slop before the end of the ramp.

The initial tests an the 45" ramp showed there was insufficient grip between the ramp and the tracks, The
ramp was lhen covered with a silicon non-slip mat to improve the grip. This improved the situation somewhat
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Figure 7.23; A plot of the platforms current draw during the ramp climbing tests af various speeds.

but it was still not possible to complete the tgst. It was noted that the drive motors were stalling by drawing
too much current {5A per motor) at approximately the same time that they were losing grip.

The new gearboxes and feet fitted to the drive tracks significantly iImpraved the slope climbing performange.
in addition 1o this 2 more aggressive speed ramp was chasen for the controdler so that there wears no longear
concerns thal the platform might run over the edge of the ramp. Once the new motors were fitted the
platfarm was able to climb both the 30° and 45° slopes. The arrangement of the ramp is shawn in Figure
7.24. The results of the testing are shown in Figures 7.25, 7.26, 7.27 and 7.28,

Figure 7.24: The Ramp used far the second set of slepe climbing tests.

The angle of the slope was ncreased to 60° before the tracks began to ship on the slope. The test was per-
formed at slow speed {ﬁ}, while current remained below 3.2A. The slope and platiorm are shown in Figura

o

7.29. Thess observations would indicate that grip rather than torque is the limiting factor in detarmining the
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Figure 7.25. A plot of speed input against platfarm speed whilst climbing a 30° slope.
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Figure 7.26; & plot of speed input against platform speed whilst climbing a 45° slope.

‘ncline which the platform can climio.

7.2.4 Flipper Tesis

Imitial testing with the flippers showed that the flippar mators where cenable to provide enough torque to lift
the platform using the full length of the arm. There was sufficient fargue to just it the robot when the flipper
arms operated with & shorter lever arm, but this did make it impossible to perform the stair and platform
climbing tests.

Another issue was experienced wilth the control of the flipper arm motors, Drive is transferred 1o the belt
on the flippar arm through the flipper pulley by the main drive pulley. This torgue will cause the flipper arm
to rotate unless it is held in place. The controllers far the molars provide a function to brake the motors
to prevent them frem being rotated. Unfortunately the brake function was insufficient and still allowed the
flippers to be back driven by the torgue applied by the drive pulley.

Oince the new motars and gearboxes were fitled the platform was able to climb obstacles using the flip-

pers. The test shown in Figure 7,30 was performead o test the functionality of the flippers in climbing over
obstacles, The maximuem current draw was 2.8A which was experienced while using the flippers.
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Figura 7.28: The Current draw for the platform climiing a 45" slope at various speeds.

During testing the ractangular keys attaching the flippers to the flipper drive shafts workad loose and caused
a certain amount of play 0 the fllpper drive train. This rasultad in the flipper motors moving for a short whila
before gangaging with the flippars themselves.

7.2.5 Stair Tests

Stlair climiing tests could oniy be completed once the new molor and gearbox combinations were fitted, as
mounting a set of stairs raquires tha use of the flippar arms. The tests wareg performed on the stairs shown
in Figure 7.31.

The speeds and currenis during the stair tests are given in Figures 7.32 and 7.33.

Figure 7.34 shows the platform climbing a sat of staire while navigating using tha forward and raar facing
cameras.

The gtair climbing ability of the platform was also tested on steeper sleps such as thoss shown in Figure
7.35, On stegper stalrs it bacame necassary to use the flippers to provide additicnal stahility. Cccasionally
the feet bhonded to the belis slipped off the steps and caused tha entire platform o slip down the incline.
This became more prevalant and proolamatic on steapar stairs.
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Figure 7.29: The platform an a 60" slope

7.2.6 Communication

The standard netwark diagnastic tool ping was used. This tool sends a small message to a network device
requesting that the device return the message to the sender. The {ogl then measures the difference in time
between when the message was sent and the reply was received to caloulate the length of time taken for
the round trip.

Performing tests in a 10m area around the robot resulted in pings consistently less than Sms, with the
majarity of the results baing less than 2ms. As these results were substantially lower than the 60-80ms
ping deemed acceptable in the specifications, further testing was deemed unnacassary until more detailed
communication specifications could be drawn up.

7.2.7 Entry Triangle

The mast significant sonstrant for the design of this platform was the necessity to fit through a slandard
entry triangle as defined by the NIST Fartunately during the ReboCup 2012 Competition in Mexico Gity, it
was possitle to drive the platform through a regulation entry tfiangle as shown in Figure 7.36.

7.3 Summary

The conclusians drawn from each test are given in the subsections which follow. A trend noticed asross
tests was that the platform drew more current after modifications were made than before. This is most fikely
due to the differgnces in the drive track and ground interaction as it would be expected that with higher
forque motors the platform swrrents should desrease.

7.3.1 Straight Line Tests

These tasts show that the speed valus given to the mators have a linear relationship to the platfarm speed
as shownin Figure 7,13 Figures 7 14 and 7.15 show the current draw rising to a certain level as the platform
accalerates, oacillating at this level and finally dropping down when the platform slows down. As would be
expectad, the current draw increases with increasing speed. One unexpectad result from the testing was
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Figure 7.30: The platform climbing cver a 250mm high cbstacle,

that the platform seems tg consistently draw mare current when travelling in reverse than when travelling
ferwards. As the cantre of mass is placed dellberately forwards, this could explain the discrepanay between
the forwards and reverse motion. although it is unknown thraugh which mechanism this is coourring

7.3.2 Ramp Tests

The rarmp alimking tests highlighted a few peints. The speed at which the platform traverses the slope is
inearly proportional to the speed given to the contraller. The maximum current requirements to ¢limb the
slope increase as the speed increases. The current profile as the platform ¢limbs a slope can be seen in
Figure ¥.23. The current first increases to ane |evel as the platform transition: from baing on a harizontal
surface ko zitting on the slope, As the platform climbs the slope, the current draw ingreases to a new high and
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Figure 7.31. The stairs an which the stair climbing tests were parformed.

Stair Climbking Speed
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Figure 7.32: A plot of platterm speed durning the stair climbing tests.
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Figure 7.33: The current draw by the platform while climbing stairs at varnous speeds.

Figure 7.34; The view from the front and rear facing camsras while ¢climbing a set of stairs..

Figure 7.35: The platform climbing a steeper set of stairs.
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7.3. Summary

Figure 7.36: The platform driving through a slandard size entry triangle (Image courtesy of Richard Whitte-
mora).

then deops fram this high as the platform continues climbing. The platiorm climbs slopes al apgroximataly
the same speed al which it travels over flat geound, akhougt the current deaw is slightly Figher,

7.3.3 Turning Tests

The platform was initiaily unable to perform an on-the-spot turn at any speed as the motors had insufficient
torque to overcame the friction between the drive kelts and floge, Using a spring balance to measure the
force reguired to slide the rmobot across the floos, the friction coefficient between the tracks and the floor
was calculated and the calculations in Section 5.6.3 were performed to establish the torque requirements
to perfarm an on-the-spat turn and new mators and gearbaoxes were fitted,

After the modification, the maotors had sufficient torgue o spin the platform, but the forces exerted on the
tracks wers sufficient ko cause significant misalignment to the tracks. This ultimately limits the ability of the
platform to tum.

7.3.4 Obstacle Climbing Tests

The obstacle ciimbing tests indicated that the platform can capably climb enta and over obstacles using
the fiippers. Of nate is that the highest cureent draw during the obstacle climbing test accurrad during the
usa of the flippers to place the platform onto the platforem, Also the flippers rotate significantly faster than
necessary, and indeed at anything but the slowesl speeds rotate too fast 10 be gasily placed. Additonally
the keys used to attach the flipper drive shafts to the flippers were not perfectly seated and caused a certain
amount of play in the mgtion of the flippers.

7.3.5 Stair Climbing Tests

The platform climbed stairs at roughly the same speed and current draw as the 307 slope, which could be
expected as the slope of the stairs is approximately 30, During the climbing of the stairs it was noled that
the feet bondad to the frack were ripped off during climbing. Also, occasionally as one side was supporte
on a foot while climbing the stairs, the foot would skip off the edge of the stair and cause the platfarm 1o
momentarily lose fogting.
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7.4 Concluding Remarks

Testing showed that the platform had sufficient torque to manoeuvre over and around the desired obstacles.
The major shortcoming of the platform revoives around issues with track alignment. The next chapter goes
on to draw some conclusions on the testing and construction of the platform and to make some recommen-
dations for future work.
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Chapter 8

Conclusions and Recommendations

The design, construction and testing of the robot platform has produced valuable insights into the direction
future development should take. This chapter first draws conclusions as to the functioning and performance
of the current platform, and then goes on to make recommendations for future work.

8.1 Conclusions

8.1.1 Mechanical Design

The greatest difficulty with the development of this platform was in meeting the tight space constraints
imposed by the need to fit within the entry triangle. The decision to place the motors within the drive pulleys
created challenging design constraints which were ultimately successfully overcome. The drive system
design at the front of the platform successfully moves weight distribution forward for added stability while
climbing stairs and inclines and opens up considerable space within the platform itself. This is useful for
maximising the amount of additional equipment which can be added to the platform, which is important
considering the multi-purpose objective of the design. The compact mechanical layout of the motors and
gears within the front pulleys successfully drives the platform while still allowing the constraints of the entry
triangle to be met.

The platform was initially underpowered. This was resolved by changing the gearbox ratios on the drive and
flipper motors, this came at the expense of speed, but the platform is still fast enough to operate effectively. A
few assumptions led to the specification of underrated motors for the platform. The first was the assumption
of the loading on the drive and flipper motors. The mass of the robot was initially estimated to be 20kg,
which was an under-estimation, especially considering the additional mass from sensors and a manipulator
arm being attached to the robot.

A second estimate which proved to be incorrect was the torque requirements of a differential drive tracked
vehicle. At the time of design, the exact belt material and configuration was unknown, previous experience
had shown that the performing an on-the-spot turn was a challenging task for a tracked vehicle, especially
with high levels of grip between the tracks and ground. The difficulty of estimating the torque required by a
tracked vehicle to perform a turn led to mistaken assumption that, should the motor be able to lift the robot
vertically, it should be able to perform a stationary turn. This assumption was found to be incorrect during
testing. ‘

The third mistake with regards to motor selection was that the motors could be used beyond their rated
specifications for useful periods of time. The motor selection documentation indicated that the limiting factor
with regards to motor performance was the temperature of the motor windings exceeding safe limits. Care
was then taken to mount each motor so as to allow for additional cooling. Testing revealed this to be a
pointless exercise. The motor controllers would not allow the motors to operate above their specified limits,
which reduced the estimated: output of the motors.

A success of the design was the tight packaging of the motors within the front drive pulleys, this freed up
significant amounts of space for other equipment to be mounted internally in the platform. One downside
to this design choice is the difficuity of routing wiring into the front drums to drive the motors. This presents
perhaps the most significant obstacle to quickly assembling or disassembling the robot.

The polyurethane timing belt used as the drive track was found to be successful in thatis was lighter, simpler



8.2. Recommendations for Future Work

and more durable than belts made up of multiple elements. The downside of using this method of drive is
that the belts had a tendency to walk off their pulleys. Although this was anticipated and steps were taken
to ensure the belts could not shift completely off from the pulleys, the extent to which the belts would walk
was not anticipated and as such these steps were insufficient. The tendency of the belts to drift either into
the spine or the outside retaining pins resuited in significant amounts of power being lost to friction under
certain circumstances.

The flipper arms operate at a much higher speed than necessary and should ideally have more torque
to more easily lift the platform. The flipper motors are currently fitted with the largest possible reduction
gearbox and adding a further reduction would have to be done by either redesigning the platform to accom-
modate different motors, or by modifying the flipper drive train to include a larger reduction.

8.1.2 Electrical and Electronic Design

The electrical sub-systems proved themselves to be suitably robust in testing. The power distribution board
functioned as required, aithough tightly packaging the board within the platform proved challenging. Dealing
with attachments to the board is most easily done by removing the board from the platform, which is not
ideal.

The Ubiquiti RouterStation Pro, 2 of which comprised the communication subsystem, proved itself to be a
reliable, low-cost and extensible solution for wireless communication with the platform. One challenge with
these boards is their configuration. This issue became apparent during the platforms trip to the RoboCup
conference in Mexico, where unknown communications issues could not be quickly rectified. A further point
worth considering is that the RouterStation has been discontinued by the manufacturer and as such a
different solution might be more appropriate going forward.

The Maxon motor controllers were simple to interface with and proved reliable and problem free during
testing. The one caveat is the lack of a built-in ability to lock the motor shaft in place at low speeds. The
result of this was that when a torque was applied to the motor under the locked state it would siowly rotate,
although not as fast as if the motor was not locked, this was an issue when stopping on a slope or using the
flipper arms. .

8.1.3 Software Design

The software development for the platform was primarily in the form of an application to read the state of a
joystick or other such device attached to a control station and then relay this information over the network
connection to the platform. On the platform this data was converted into values for setting the speed of the
individual motors. The requirements of the software were that it should be small, fast and quickly portable
across whatever computer may be on hand. This was accomplished by using native Windows™ API's
(Win32), to write an application using as basic a feature set of the operating system as possibie, and
embedding these functions within the software through static linking rather than relying on the host system
to provide the suitable libraries.

For the wider project, the decision was made that future development would take place with the National
Instruments LabVIEW development environment. LabVIEW is a graphical programming environment de-
signed to increase productivity in engineering and scientific applications. Further development of software
for the robot platform is likely to make use of National Instruments tools.

8.2 Recommendations for Future Work

The priority for future work on the platform is to correct issues which arose during the construction and
testing of the platform. Beyond this recommendations are given to extend the functionality beyond what
was designed for the current platform.

8.2.1 Drive Track Alignment

At present the drive tracks are kept in alignment by four pins on each side. This masks the underlying
problem that the tracks have a tendency to walk off the pulleys. Tests showed that the drive pulleys are as
square as could be realiistically achieved with the spine. A modification to the drive pulleys providing a inside
and outside lip to prevent the belt from moving on the puliey would be desirable as this would eliminate the
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\WA

Figure 8.1: Undesired tensioning of drive belts caused by drive belt feet.

friction caused by the belt rubbing against the spine or alignment pins. A solution to this issue is currently
under development by David Lwabona, an M.Sc student in the Robotics and Agents Research Laboratory.

8.2.2 Drive Track Tensioning

The centre distance between drive pulleys is currently too large. This has the effect of making the fitting and
removal of the drive belts more difficult than it should be. Ideally a test setup consisting of pulleys with an
adjustable centre distance should be constructed to determine an ideal center distance for this application.
The ideal centre distance would be such that the drive belt can be slipped onto the drive pulleys with minimal
force, but does not require a large amount of slack to be taken up by the tensioning system as this wouid
lead to an overly large tensioning system.

8.2.3 Drive Track Support

At present there is a small gap between the drive pulley and the sidepod to which the track skid plate is
attached. When lugs were attached to the track, as the lug move into this gap the weight of the platform
caused the track to tension as the portion of track to which the lug was attached sunk into the gap, a
representation of this can be seen in Figure 8.1. This could be countered by increasing the thickness of the
track skid plates fitted to the sidepod. This would have the benefit of effectively shortening the track-base
of the robot, decreasing the torque requirements to turn: the robot, aithough this might increase the friction
in the drive system as the drive beits will constantly be rubbing on the skid plate. Another potential solution
to this issue would be to change the size or arrangement of the drive pulleys. Smaller pulleys, or pulleys
moved upwards with respect to the sidepods, wouid also ensure that lugs on the tracks would only ride on
the skids underneath the sidepods. Another solution would be to minimise the gap between the sidepod
and the drive pulleys, or to extend the skids into a groove in the drive pulleys so that there is no gap for the
drive tracks to run into.

8.2.4 Motor Control

Position control is required for all motors on the platform. For the drive motors, position control is necessary
to ensure the motors can be braked, and that the piatform will not roll down a ramp or staircase when
stopping halfway up. The flipper motors need position control both to accurately place the flippers, and to
make sure that the flippers will remain in position when a load is applied to them. Braking could also be
achieved through the use of a mechanical brake, although this would add weight and increase complexity.
A position control system is currently under development by David Lwabona.

8.2.5 Wiring and Front Drive System Layout

The primary wiring problem with the platform is the routing of cables. into the drive pulleys. This results
from limited space due to the maximum width of the robot being limited by the necessity of fitting within an
entry triangle, and the length of the motors defining the width of each drive pulley. Larger diameter drive
pulley bearings would create more space, but even the current bearings are significantly overrated for the.
application in which they’re being used, and were chosen based on the space they provided for wiring and
structures to fit through rather than their load rating. Larger bearings of the same type are only commonly
available in sizes which are too thick to be realistically used in the front drive system. Solid bushings couid
be investigated for use instead of rolling bearings. As neither the loads nor the speeds present in the drive
system are large, bushings could be manufactured and thus provide more flexibility in the design of the
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Figure 8.2: The current spine

Figure 8.3: The =pine with modified front and rear for =olid bearings and direct mator attachment.

diiva system. This could also allow for & more compact and rigid drive assembly. The spine as shown in
Figure 8.2, could be maditied as per Figure 8.3 to allow the the mators to be fixed diractly to the spine and
the rolling hearing to be replaced with solid bearings as per Figure 8.4,

8.2.6 Platform Weight

Many problems are exacarbated aor even created by the waight of the platform. A lightet platferm is ultimataly
more transpartable, has lower power requirements, has iower stresses on components and thus should be
mare reliable. Weight reduction would be most aasily achigvad through redesign or machining away sections
of the sgine, the heaviest single cempenent. Most components ceuld be made significantly thinner, as even
with the current weight of the platferm, thay are thicker than thay need o be. The sping for instance could
be modified as shown in Figure 8.5 to remove a substantial perction of the spine to reduce mass and allow
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Figure 8.5: The spine with center saction cut out to reduce weight.

for the electronios situated within to potentially be removable on a slide out assembly.

8.27 Flipper Drive

The flippers should ideally operate at much lower speed with greater torque. Replacing the motors ard
gearboxes would be both challenging and costly. A more flexivle and cost effective solution would be 1o
redesign the flipper drive frain to accommedate a larger final reduction.

8.2.8 Power Distribution System

The currert power distribution system provides orly basic functionadity. [deally a power distribution board
should allow for individual power lines or even comperents to te furred or and off, preferatly by some
ramate cammand. This would allow for pasic troubleshooting without requiring the robot to be removed from
its envirgnment, 1t would also be desiravle to measure the current Seing consumed by different devices on
the platform, and provide information as to the level of charge of the vattery system. David Lwabons is
currently testing a new power distribution beard which implements all ot these features.

8.2.9 Operator interface

The currert operator interiace allows for only basic maripulation of the individual motors. For deployment of
the platfarm in complex situations it would be necessary to have more fing graired cortrel over the motors,
especially the flipper motars, and also to have access to the video feeds on the platform.
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8.3 Concluding Remarks

Familiarity and insights gained during the construction and testing of the platform are presented in the
preceding sections. Perhaps the most critical aspects from the author’s point of view would be a redesign
of the front drive gsystem, allowing for easier disassembly, a more rigid construction and easier access to
components. Following this in importance wouid be a reduction in weight, probably most easily achieved
through a modification of the spine. Improvements to the electronics and software are already underway at
the time of writing.
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Appendix A

Weight Breakdown

The weight of the platfarm ‘s critically impaortant and has an effect on almost all aspects of perfarmance. As
such a detailed breakdown of the weights of all compeaners, compiled by David Lwabona is given in this
Appendix. This should be useful in determining wherg attention should be focussed for reducing the weight
of the platform.

A.1 Component Weights

A graphical representation of the weight breakdown of the platform is shown in Figure A1, A detailed table
of the varsus component waights is given in Tabls A1,
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Figure A 1: A visual representation of the weight breakdown of the platform,



A.1. Component Weights

Table A.1: Table of component weights in grams. Quantity refers to the number
of components on the entire platform rather than in each sub-assembly.

[ Component [ Quantity | —_Unit Weight (g) | Total Weight (g} |
 Spine B — 8591
Centre Spine 1 4960 4960
Sidepod Support Rails. 4 40 160
Mount Plate 1 1870 1870
Mount Plate Rear Support 1 170 170
Light Housing Inner 4 20 80
Light Housing Outer 4 20 80
LED Mount 4 10 40
Camera Cover 2 6 12
Fan 1 90 90
Arm to. Base Interface 1 240 240
Front Cable Cover 1 9 9
Rear Gear Cover 1 130 130
Rear Shaft Cover 1 60 60
Rear Fiipper Drive Gear 1 50 50 |
Rear Flipper Idler Gear 2 60 120
Rear Flipper Gear 1 70 70
Rear Flipper Drive Shaft 1 40 40
Rear Flipper Drive Idler Shaft 2 15 30 |
Rear Flipper Shaft 2 60 120 |
Rear Flipper Coupling 2 100 200
____§KF608 6 10 60 |
Sidepods ' 12749 |
Sidepod Bottom 2 1090 2180
Sidepod Top 2 940 1880
Sidepod Upright . 3 467 1401
Rear Motor Mount 1 430 430
Rear Motor Clamp. 1 90 90
Track Tensioning Bar 6 120 720
Track Tensioning Bar Holders 6 3 18
Outside Hub Support 4 200 800
Sidepod Side Cover 2 355 710
Slider Clamp 12 5 60 |
Battery Ejector Plate 4 20 80
Batteries 6 610 3660
Battery Guide Plate and Contact Holder 2 360 720
Drive Pulleys 2 3740 7480
Pulley 2 610 1220
Front Pulley Inside Cover 2 140 280 |
Front Pufley Outside Cover 2 100 200
Qutside Center 2 20 40
Motor Mount 1 2 210 420 |
Motor Mount 2 2 60 120
Motor Mount 3 2 90 180
Motor Mount Connect 2 140 280
ear 3 2 950 1900
Rear Pulley Inside Cover 2 110 220
Rear Pulley Outside Cover 2 140 , 280
Pulley 2 610 1220
Flipper 4 1030 4120
. Flipper Inside Plate 4 190 760 |
[ Flipper Arm Plate 4 120 480
" Flipper Pulley 4 90 360
Flipper Small Pulley 4 90 360

114



A.2. Concluding Remarks

[ Component [ Quantity | Unit Weight (g) [ Total Weight (g) |
[ Flipper Track Support 8 40 320 |
Flipper Arm Hub 4 70 280 |
Small Pulley Hub 4 10 40
Small Pulley Nut 10 4 40
Small Pulley Shaft 4 5 20
Flipper Tensioner 8 75 60
Flipper Rear Brace 4 15 60
Flipper Track 4 210 840
Flipper Pulley Bearing 4 80 320
Flipper Shaft Bearing 4 60 | 240 |
[ Other
Drive Tracks 2 1400 2800
Maxon Motor 5 860 4300
Maxon Motor Controller (In Box) 5 180 900
Maxon Maotor Controller (Board) 5 30 _ 150
Sum/Total [ 188 | B 37640
 Rescue robot with all components, electronics, fasteners, wiring and sundries 42700

A.2 Concluding Remarks

The sidepods are the heaviest sub-assemblies, their mass being primarily determined by the batteries and
the 4 structural members in each sidepod (sidepod top, sidepod bottom, and sidepod uprights). The spine
sub-assembly, the next biggest sub-assembly has its mass primarily made up of the weight of the spine
itself. These assemblies present the greatest oppurtunity for reducing the mass of the platform, particularly
in modifying the spine and sidepod structural members to reduce their mass.
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Appendix X
Drawings
"Drawing Register
Drawing Drawing Number | Page
Explorer Robot Platform ERP-A-01 | 117
Center Spine ERP-SA-01 118
Left Sidepod ERP-SA-02 | 119 |
|_Front Pulley ERP-SA-03 | 12t
Flipper ERP-SA-04 | 122
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