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ABSTRACT

Development of a TwVheel Inverted Pendulum and a Cable Climbing Robot

Mikail S. Arani

The research work in this thesis constitutes two parts: one is the development and control of a
Two-wheel inverted pendulum (TWIP) roband the other is the designdamanufacturing of a
cable climbing robot (CCR) for suspension bridge inspection. The first pahisofesearch
investigates a sliding mode controller feelf-balancing andstabilizing a twewheel inverted
pendulum (TWIP) robot. The TWIP robistconstucted by usingwo DC gear motors with a high
resolution encoder and zero backlashes, but with friction. It is a highly nonlinear and unstable
system, which poses challenges for controller design. In this study, a dynamic mathematical model
is built usingthe Lagrangian function method. And a sliding mode controller (SMC) is proposed
for autebalancing and yaw rotation. A gyro and an accelerometer are adopted to measure the pitch
angle and pitch rate. The e isfarmyzad am nompehsateds e ns o
and the precision of the pose estimation is improved accordidglgmparison of the proposed
SMC controller with a proportionahtegratderivative (PID) controller and state feedback
controller (SFC) with linear quadratic regulatiCQR) has been conducted. T$imulation and
experimental test results demonstrate the SMC controller outperforms the PID coatrd8&C

in terms of transient performance and disturbance rejection ability.

In the secongbart of the research, a whdssed cable climbing robotic system which can climb
up and down the cylindrical cables for the inspection of the suspension bgdigesigned and
manufactured. Firstly, a rubber track climbing mechanism is designed to generate enough adhesion
force for he robot to stick to the surface of a cable and the driving force for the robot to climb up
and down the cable, while not too big to damage the cable. The climbing system includes chains
and sprockets driven by the DC motors and adhesion system. The degige of the adhesion
mechanism lies in that it can maintain the adhesion force even when the power is lo#tevhile
systemworks as a suspension mechanism. Finally, a-lsafting mechanism is developed to
guarantee the safety of the robot during icsipa operations on cables. The robot has been fully

tested in the inspection of Xili bridge, Guangzhou, P.R. China.
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CHAPTER 1 INTRODUCTION

1.1 Two-wheelinverted pendulum robot development

In recent years, selfalancing robots have attracted increasing attention in both industry and
academia, sincthe design andmplementation oftontrol algorithms become more achievable
with the rapid development of microcontrollers. Fwbeeled inverted pendulum (TWIP) robots
have become more and more popular due to its lightweight, small footprint, rapid rcaation
high maneuverability. Onaf the applications of using these robots can be a service robot platform
like Segway. However, the inherent instability and nonlinearity of the TWIP require a

sophisticated control scheme.

PID is a commonly used nenodetbased control method farself-balancing robot, as there
is no need to build the mathematics model. The three parameters can be tuned by trial and error or
by experience. Although PID owns some robustness to disturbance and uncertainties to a certain
extent, it cannot handle the suddkiange disturbance and modeling eribfr. Moreover, it is not a
trivial task to obtain the optimized gainsaPID controller.To improve the performance of the
controller, some advanced modised controller areneeded to dd with the large disturbance

and uncertainties.

Controlling the TWIP robot hagecentlybeen eased by introducing fuzzy logic and neural
networks as the soft computing technig{®&s3]. To illustrate, two fuzzy controllers have been
designed for an inverted pendulum subjected to disturbance, as well as an axificdhhetwork
based reatime switching dynamic controllewhich has beemesigned to solve the balancing
problem on vanus loose surfaces such as sand, pebble, and4$oirhe ®ftware has been

developed by C++ aswasual robot interface tallow the required¢thanges iparameters.

This TWIP's modebased control was proposed to addresslinearity and disturbance. This
approach in practical systems is the state feedback controller with optimized control gains. A linear

SFC was designed based on a linear model that requires very accurate dynamic robot medels.
1



optimized SFC can, thefore work within a certain range of operations @atdnotmanage system
uncertainty. When changing the operating point, the control gains mustureeceto stabilize

the robot, which is not very practical in operati®ue to the no#inearity of thesystem, linear
controllers such as PID and state feedback controllers do not react efficiently, it has been focused
on designing notinear controllers such as robust feedback, backstepping, feedback linearization
and sliding mode controllers (SMC) to prde an effective reaction to uncertainties and

disturbance.

SMC is considered to have good robustness in modeling uncertainties and disturbance among
these nonlinear controllers. It can manage the nonlinear unstable system with simple
implementation, paraater variation insensitivity, and rapid response independence of external
disturbance. Due to tifacts mentioned aboye the current studyhe SMC controller has been
designed based on the TWIP linear dynamic model vitbgreeof-freedom (DoF) and Isabeen

tested in the real robot.

An SMC controller is designed and implemented on a TWIP robot in this research. Firstly,
using the Lagrangian function method,-®8F dynamic model of a custormeuilt TWIP robot
is derived. The robot consists of two g€ motors that drive two wheels, one structure one
battery, sensors, and one controller. It is a system that is highly nonlinear and unstable.

Then an SMC with easy implementation is designed to balance and stabilize the robot based on
the built nonlineamodel. Simulation tests are conducted to compare the proposed SMC with a
PID controller and an LQR (linear quadratic regulator) tuned state feedback controller (SFC).

1.2 Cableinspection andcable climbing robot (CCR) development

In the past decade, resda@cs have endeavored to make fully autonomous and intelligent cable
climbing robots equipped with necessary sensors for inspection, aiming at makingcmdlheg)
mechanism with obstacle avoidance capability to passoffeeequipment andbumps[5]. Also,
researchshavebeen done to devise a durable power supply method for the long cable inspection
robots to make them sufficiently durable to perform inspection over long distances of vertical and
horizontal without inerruptions[18]. Inspection data quality enhancement has been another

challenging issue in this field due to the fact 8wainging of the inspection robot in windy climates



and even sometimes makes the captured images cabieblurry during the navigationThe
blurredimages servas the main inspection data t@blestatus evaluatiofi9]. These undesirable

vi brations also make some probl ems i wmsionhe r ot
system, m most of the proposed desigish e r ob ot 6 s me ¢dsamain gad ofthene c h a n
robot designmay significantly affect other issues in the whole design prpsest as energy
consumption and inspection data qudl9]. Hence, this chapter aims to review some of the main

efforts made over the pagtn years in cablelimbing mechanism design fdiridge cables

inspection to provide a basis for future designd developments in this fie]d1].

Over the last decadelimbing robotshave become morand more important irmany
applications and podea challenge to the robotics communitgtarting with simple systems
equipped with adhesion mechanisms kkectromagnets, suction cyps sliderails, thedifficulty
of designingthese robotshas grown with their ability to handledifferent surfaces anéh
performing faster or more accurate navigatif22]. At the very beginningf climbing robot
researchthese systems have been designed to fit exactly one application oivebileeta bridge
steel cabler aPE cableThis limitation has decreased due to new locomotion types and adhesion
mechanisms during the last years. Atstipoint climbing robots are considered to support
inspection, maintenancand construction tasks. In fact, they are helpful if they are able to perform
the deggnatedtasks more effectively and more accurate tierexisting approache&specially
for those tasks, which are dangerous for human bgihigssafety aspect is of importan(@s].

The ommon applications for such systemist are dangerous for humans are inspections of
nuclear power stations (e.deakage deteitin, measurement of wall thickness or analysis of
welding seams) and inspections of tanks and pipelingseichemical industry. Furthermore,
climbing robots are used to paint, oatt cleanthe facades of buildingsyr to perform welding
tasks inthe shipping industry, or to clean and inspect airplane wings and wind turbifié®

climbing robots can be found Figure1-1 to depict somef the mentioned areas.



FIGURE1-1 THREE TYPES OF CABLE: A) REGULAR CABLE, B) CABLE WOUND WITH A SPIRAL
WIRE?, AND C) DIMPLED CABLE?

The major difficulty ofthe climbing robotdies in generating driving force against gravity.
Somerobots us well-known and reliable adhesion techniques like magnets or tgrigenerate
the force For instance, such robots can be found in applications suble sisip industry othe
inspections of planes, petrochemical tanis other steel surfaces. The exceptions are those
systems whose adhesion principle (glgermal glue) is still the focusf researchAlthoughthere
exists a wide range of different systems, oaljew climbing robots have been brought to
commercial applicatia[24]. In this project, theesearclobjective is tadesign and manufacture
a wheelbased cable climbing robotic system which can climb up and down the cylindrical cables

for the inspection of the suspension bridges

1.3 Contribution

In this thesistwo robotsare built and controlleda TwoWheel Inverted Patulum (TWIP)
robot and a Cable Climbing Robot (CCR).

The TWIP robotis developedand controlled by three controlle®VIC, PID controller, and
SFC These controllers ammpared according to their performance in regards to balancing and
steering the movem of the TWIP system. The dynamic model of the TWIP is established by
using the physic principles. A modehsed SMC controller has been designed to havetter
transient performance in stabilizing the TWIP rotiwn PID controller and SFC controllek
book chapter irspringer Book, 201f25] and a paper iThe Canadian Society for Mechanical
Engineering International Congress, 20[%] arepublishedbased on this research.

Supported bysuangdong Chengxidighway(GCH), a cable climbing robot (CCRias been
designed and manufacturedth an extremely stable structutteatis capable otarryingover 10
kg of inspection and repairing equipmerID controllers have been developed for the DC motors
4



to drive the robot. The robot features the wkdralen mechanism, adjustaldimping and nowl
adhesiondesignTo t he best of & thefisbQCRB sapablefonspecindad e , it
reguar bridge cables between 100 R3D0 mmdiameters

1.4 Organization of the thesis

The thesiss organized as follows. Chaptebgefly reviewsthe control strategies tie TWIP
robot, andthe current cable climbing robotegiven. In Chapter 3 3DOF dynamic model of
the TWIP robothasbeenbuilt, and three controllers?ID, SFC, and SMC are designéthapter
4 presents the detailed design of the CCR. In Chapter 5, both simulation and experimental results
on the controllers for TWIP are presented. Chapf@esents the experimental tests of the designed

CCR. In Chapter 7, the conclusion and future works on both TWIP and CCR are given.



CHAPTER 2 LITERATURE REVIEW

2.1 Control of two-wheel inverted pendulum

Recently, soft computing techniques such as fuzzy logic and neural networks have been used
to control TWIP robof{2, 3]. Two fuzzy controllers based on Mamdani and Tal&gieno are
designed for an inverted pendulum madbed to disturbance. Moreover, an artificial neural
networkbased reatime switching dynamic controller is designed to sahebalancing problem
on various loose surfaces such as sand, peabtesoil[4]. A visual robot ontrol interface is
developed in C++ software development environment so that robot controller parameters can be

changed as desired.

Newly, the modebased control of TWIP has been proposed to deal with the nonlinearity and
disturbance. Th&tateFeedbaclController(SFC)with optimized control gains is one of the most
used methods in practical systefB. Gans and Hutchinsodesigneda linear SFC based on the
linearized model, which needs very accurate dynamic models ofobiwds [6]. Hence, the
optimized SFC can only work aicertain operating range and cannot deal with system uncertainty.
When the operating point is changed, the control gains have tetineeickin order to stabilize the
robot, which is not very practical in operatipf]. Due to the nonlinearity of the systems, the linear
controllers such as PID and state feedback controllers do not react efficiently, therefore, some
researchers concentrate on thesign of nonlinear controllers such as robust feedfj8gk
backstepping9], feedback linearizatiof10, 11]and sliding mode controllers (SM{)2, 13]to
provide effective reaction to the uncertainties and disturbance for TWIP robots. All these
mentioned controllers are only validated through simula@owl no experimental tests of these
controllers have been carriedt on real TWIP robotf8]- [13].

Among these nonlinear controllers, SMC is known to have good robustness to model
uncertainties and disturbance. It can deal with the nonlinear unstable systieneasy
implementation, insensitivity to parameters variatamd quick response independence of external
disturbances. SMC has been successfully used for controlling the TWIP rojdgt, 1b, 16] the
SMC controllers are designed based on two deqgfie® of freedom (DoF) linear dynamic model
of TWIP and are tested in the real robots[3 the authors design a backstepping sliding mode

controlle for a TWIP robot and validate the trajectory tracking performance in a real TWIP.
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However, the control design combines the backstepping and sliding mode controller and focuses
on trajectory tracking. The combination increases the complexity of impletoenten the real

robots and the robustness dfe controller has not been demonstrated. The goal of the current
study is to provide an effective SMC control design, which is easy for implementation on a real

robot and has good robustness for dealing wittertainties and sudden disturbance.

2.2 Cableclimbing robot

2.2.1 GCH cable climbing robot background

In the past few year§CH hasbeendevelopng aseries ofCCRsranging frominspectorobots
to manual contrdéd robots The first generation of GCH CCRskown inFigure2-1. The robot
weighs 70 kg and is powered by AC supply. The dimension of the e¢sl®too large tabe fit
through he smaller areas of theingerspacewhich are becoming more commiarthe suspension
bridge.The company is looking for a lighter and smaller CCR powered by battery, which is the

main objective of this project.

FIGURE2-1 FIRST GENERATION OFTELE-OPERATEDROBOT



2.2.2 CCR platforms review

This part of the thesis summarizes five commercially available cable climbing robots. A bridge
cable inspection robot is a prototype of a portable celibebing robos developed bySeoul
University shown in Figure 2-2 [25]. This robotusestwo powerful dc mot® and a strong
aluminumsimplestructure.The payload ofte CCRis 10 kilograms.The second prototype &
caterpillarbasedcable climbing robot shownin Figure2-3 [26]. It is a robot for vertical hanger
cables in suspension bridges tiatpowered bythree dc mota andis designed withthree
pantograph mechanigmThis robot is madeof aluminum alloyand hasmade more room for
cameras and sensors. Also, the rabequippedwith a selflocking mechanismrhe thrd robot
is Versatrax MicroClimbeshown inFigure2-4. It is a commercial robot theg designed andold
to the inspectiorindustriesby the Inuktun companyThis robotis a unique remotely operated
robotdesigned to climb on almost any inclinedvertical cylindrical structure such as suspension
and cablestayed bridgesAnotherrobotthat has been studieggIMRC2IN-11, shown inFigure2-5
[27]. This robotis designedand madéby the Korea Ministry of Land, Transportation Maritime
Affairs (MLTM). The robotis powered bytwo dc motors ands designed witliwo pantograph
mechanisms for climbing. Alsthe robot cateequigoedwith four camerasgor inspecting cables.
The last robothathas been studied is thé-inspired climbing robot developed lilge Chinese
University of Hong Kongs $iown inFigure2-6 [28]. Three linear actuators and six gripers have
been designed and usedhe robot The robot is a prototype of climbing mechanisms stadso,
this robotis made just for Cablstayed bridged/ersatrax MicroClimbeenteredn themarket as

a commercial robatince2018, andCaterpillarbased Cable Climbing Roboame second.

The Seoul University cable climber robot was developed for €aldpension bridgeand
cablestayed bridge The design of the robot and performance ofsygemwith the cable are
discussedn Table2-1. This lridge cable inspection robbas been made asesearch project



FIGURE2-2 BRIDGE CABLE INSPEQION ROBOT- RESEARCH PROJECT

TABLE 2-1 SPECIFICATIONS OF HE SEOUL UNIVERSITYCABLE CLIMBER ROBOT

Description Unit Parameters
Mass kg 24~27
Operating time min 60
Applicable cable diameters | mm 90~300
Climbing speed m/s 0.05~8
Effectiveoperating range m 500
Applicable payload Kg 5
Obstacle range possible to clinj mm 10
Max stall current A 12
Operating voltage \% 12
Gear ratio RPM n=120:1
Inspection distance m 200600

Bridge type

Suspension ancablestayedbridge

KoreaMinistry of land, infrastructureand transport




The Caterpillaris a cable climbing robothat has beemmade a aresearch project fax super
long-span bridgdoy the KoreaMinistry of land, transportation maritime affairs (MLTNR&D
center.This robot has bedasedin real environments after sufficient experiments uadardoor
environment composedf real hanger ropd.he design of the robot and performance of the system

with the cable are discussedliable2-2.

FIGURE 2-3 CATERPILLAR-BASED CABLE CLIMBING ROBOT

10



TABLE 2-2 SPECIFICATIONS OFCATERPILLAR-BASED CABLE CLIMBING ROBOT

Description Unit Parameters
Mass kg 30
Operating time min 60
Applicable cable diameters | mm 50~90
Climbing speed m/s 0.035~0.08
Effective operating range m 650
Applicable payload Kg 5
Obstacle range possibledbmb | mm 5
Max stall current A n/a
Operating voltage Vv n/a
Gear ratio RPM n/a
Inspection distance m 100-800
Bridge type Suspension ancablestayedbridge
Future robotics technology centrpported byKorea Ministry of land,
transportation maritime affairs (MLTM)

Versatrax MicroClimbehas been made axommercialprojectby InuktunServices Ltd BC.
CanadaThe Versatrax MicroClimbeawobotis a unique remotely operateabotdesigned to climb
on almost any inclined or vertical cylindrical structure. The vehicle is capable of crawling on

cables, pipe, ropgor guywires while performing a variety of taskehe design of the robot and
performance of the system with the cablediseussed iTable2-3.
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FIGURE2-4 VERSATRAX MICROCLIMBERT COMMERCIAL (INUKTUN CO.)

TABLE 2-3 SPECIFICATIONS OF HE VERSATRAX MICROCUMBER ROBOT

Description Unit Parameters
Mass kg 45
Operating time min n/a
Applicable cable diameters | mm 150~250

Climbing speed m/s 2~4

Effective operatingange m 50-500
Applicable payload Kg n/a
Obstacle range possible to clink mm n/a
Max stall current A n/a
Operating voltage \% n/a
Gear ratio RPM n/a

Inspection distance m 100400

Bridge type

Suspension anchblestayedbridge

Versatrax Micro climber Inuktum commandobotics LLC

12




MRC2IN-II robothas been made and developedafsuper longspan bridge by Korea ministry
of land, transportation maritime affairs (MLTM) R&D centéfhis robot has been testedreal
environments after sufficient experiments unalemdoorenvironment composeaf real hanger
rope.The design of the robot and performance of the system with the cable are disclisdae in
2-4.

FIGURE2-5 MRC2IN-II
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TABLE 2-4 SPECIFICATIONS OF NRC2IN-II

Description Unit Parameters
Mass kg 26.2~30
Operating time min 60
Applicable cable diameters mm 40~90
Climbing speed m/s 0.06~0.08
Effective operating range m 50
Applicable payload Kg n/a
Obstacle range possible to climl mm n/a
Max stall current A n/a
Operatingvoltage Vv 12
Gear ratio RPM n/a
Inspection distance m 50-300
Bridge type Suspension an@ablestayedbridge

KoreaMinistry of land, transportation maritime affairs

CCRhas been madas a research projeahd developed foa super longspan bridge byhe
Chinese University of Hong Kon&henzhenTraveling along a cable with some obstacles or a
small range of curvature requires at least three degrees of freedom. Thus, a mechanism with three
degrees of freedom has been designed and developed for gianta@tole Theuniversity used the
results from kinematics and static mechanical anglgsidthe detailed mechanical design has
been obtai ned anmdedesigmroktleedobat dng peifoeraricé of the system with
the cable are discussedTiable2-5.
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FIGURE2-6 CCROBOT

TABLE 2-5 SPECIFICATIONOF CCROBOT

Description Unit | Parameters
Mass kg 15
Operating time min 30
Applicable cable diameters | mm 40~90
Climbing speed m/s ~0.05
Effective operating range m 50
Applicable payload Kg 15
Obstacle range possible to clinh mm 5
Max stall current A n/a
Operating voltage \% n/a
Gear ratio RPM n/a
Inspection distance m 50-300
Bridge type Cablestayedoridge

The Chinese University of Hong Kong Shenzhen
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2.3 Summary

The GCH CCR has a simple and reliable platforioutit is not a portable CCR and it cannot
climb up more than 40 meterBhe Seoul Universityridge Cable InspectionRobot is another
CCR thats not easyo be mounted on the cables amhfrons swingng issuewhile climing up
Caterpillarbasedcable climbing robotannot climb up smoothly and is not portablersatrax
Micro Climber platform is a reliable CCR bus ibperating time is limited t80 minutes. Also, &
adjustability in regards to cable diameters is limitdBC2IN-II is a reliable obot, howeverit is
not a portableCCR andhas theswing problemwhile climbing up CCROBOT is not a reliable
CCR unable to climb up smoothind it not abale to adjust itself for vast size range of cables

diameters.

The comparison among the 5 CORentioned abovehows that even though the robots have
been designed and made for different types and sizes of eableof them has it own drawbacks
Also, these robots have been made with different mechanisms depemdihg purpose of
inspection. The market is still lacking an efficient climbing robot that can climb vertical or long
slender cables (up to 1km) with high speed (8ri/se robot is portable ang easy to be mounted
on the cable.
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CHAPTER 3 DEVELOPMENT OF A TWIP

In this chapter, the modeling and control of a TWIPspecified

3.1 Dynamicsmodeling ofa two-wheel inverted pendulum

The TWIP robot is built in our lab to serveai®st platform for various controllers. In order to
contr ol this type of unstable robot effectiwv
behavior in the yaw and pitch motions. The schematic diagfattme TWIP robot is shown in

Figure3-1, and the parametdydescriptionis provided in

17



Table3-1.

FIGURE3-1 SCHEMATIC DIAGRAM OF THE TWIP ROBOT

The dynamic model of the robot is built based on the Lagrangian function m@®éjpd
Equation3-1 presents Lagrangiawhere L1, L2and B are translation kinematic energy, rotational

kinematic energyand potential energy, respectively.

c s (3-1)
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TABLE 3-1 PARAMETERS OF TWO WEELED INVERTED PENIJLUM

Parameters  Unit Description Parameters Unit Description
W=0.242 m  Body Width s kgme  Body pitch inertia
C moment
*
_ Body yaw inertia
M=1.047 kg Body Mass -7 % kgn? P
D C
m=0.118 kg  Wheelsmass Rw=1.900 y  DCmotor
resistance
R=0.060 m Diameter of K=13.400 mNm/  DC motor torque
wheel A constant
_ Gravity _ DC motor back
9=9.810 mS | o cceleration Kp=1.400 mv/irem e w1 E constant
SlE e The fiction
S 1S coefficient betweer
L=0.030 m center of the fm=0.0022 bodv andDC
mass and the . ot)c/)r
Wheel axle
Rotary angle of the
D=0.050 m Body Depth [ rag  Wheel, pitch angle
and yaw angle of
the robot
Subscripts
indicating left or
n=64:1 - Gear ratio l,r,b - right wheels and
the robot body,
respectively
. | 2 kg? Wheel inertia
C moment

It is assumed that the robot has 3 deg#dreedom (I@Fs). The generalized variables of the
robotargheangl e of t he wh)eaenld (yd)w [2higicaeingtaytherobet (
dynamics, the translational and rotational kinetic energies are described as follows (Eations
2):

0 - O -0 w -0 w a (3-2)
0 -0— -0— =-07 0% -¢€0 — T -E0 — T (3-3)
0 0 (3-4)
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6 0'aQ (3-5)
The Lagrangian equation3-6, 3-8) are:

- — — 00 (3-6)
-— — 00 (3-7)
- — — —T0 0 (3-8)

where, Fl and Fr are the torques on the left and right wheels, respectively. Moreover, they could
be defined as39) and (-10):

0 E0Q (3-9)
0 &0 0 (3-10)

By substituting the kinetic and potential energies in the Lagrangian equations, the equations of
motion are as follows:

cd O0'Y 0 ¢ U0 — OYOwéick O[T OO0IYi Q&0 (3-12)

DYODEICED — D0 0 ¢ 0T 0°Q0i QDU % i Q&TE( [0
(3-12)

40 U — 0 €0 00 OEfl % cOO[ % "Q&yé i 'O (3-13)

Theexternal forces can be presented as equatidds 316.

O — 0 U ¢ —[ ¢ —— — (3-149)
O — U0 U ¢ —[ ¢ —— — (3-15)
O — UL e %0 (3-16)

Theequations mentioned abogvan be transformeidto a nonlinear statspacesquation by
defining @-17):

~ v~ v

—h-H h ekPeo (3-17)

as the state variable8-18):

d G hoy oo oo hio hoo —h-H [T Mebbeo (3-18)
Hence, the general form of the state space is given as equ&ién3-22:

D ww MQw o (3-19

where:
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where u is the control input which is generated by the controllers in this study.

3.2 Two-wheelinverted pendulum robot controller design

This part otheresearch presents three control design methods for implementing planar turning
motion of a twewheeled inverted pendulum. The controls task regthia the inverted pendulum

is kept stabilized during the whole turningtima process along a psettled track.

3.2.1 Two-wheelinverted pendulum robot PID controller design

To stabilize the twavheel inverted pendulum, the proportioivategratorderivative (PID)

controllersaredesigned withthefollowing transfer function:

O v Vi — (3-23
Two PID controllers in parallel are designed. The first PID controller aims at regulating the
body pitch angle. The second PID controller aims at regulating the angular position of the wheels
[49, 50]
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There are two measurements of the asfyam two different sources. The measurement from

theaccelerometer gets affected by sudden horizontal movements (it could be used to measure the

g ) and the measuremieinom thegyroscope gradually drifts away fratme actual value (it could
be used to
signals and the gyroscope reading is affected by {dogation signals. To stabikzthe robot, two

PID controllers work simultaneously to control pitch and wheel angleiEh are measured by

measur e

&) .

accelerometer and gyroscope, respectively.

The PID controlleris applied to the simulated modethich is presented in equatiod-23.
Figure3-2 is the block diagram of closddop position control for the TWIP. The parameters of

the PID controllers are obtained by trial and error. The tuned parameters are givealde3r2.

Il n other

Set point
(xref)

PID
Controller (1)

Set point
(xref)

Two-wheel inverted

w O r ddsrationt h e

Pitch angle

pendulum

—O-
—@=

PID
Controller (Il)

A 4

Wheelangle

FIGURES3-2 TWIP CLOSEDBLOOP BLOCK DIAGRAM HAVING PID CONTROLLER

TABLE 3-2 PID CONTROLLERPARAMETERS

In Figure3-2, i ‘@Efresents the desired statesd we setoi Q0€ad to stabilize the TWIP.

Kp Ki Kb
g 5.19 0.009 0.00045
é 5.50 0.00078 0.00025

3.2.2 SFCdesigned by LQR

To stabilize the twavheel inverted pendulum, the optimal SisG@esigned using LQR.

Equation 324 is the linear quadratic regulator objective function:

22

ac



O . @O0 6 0YO60QO (3-24)

The optimal control input which minimizes the above objective funcBeibj is presented in
equation3-22:
60 VW MW Y 60 (3-25)

Matrix P can be obtained by solving Riccati equati?e:
60 006 08y 60 66 m (3-26)
whereA, B, andC are statespace matrices. Two optimal LQBeedesigned for left and right DC
motors. There are two measurements of the angle from two different sources. The measurement
from theaccelerometer gets affected by sudden horizontal movements (it could be used te measur
t h e, ang }he measurement fraitme gyroscope gradually drifts away frothe actual value (it
could be used to measure d). I n other words,
duration signalsand the gyroscope reading is affected by {dagation signals. To stabilize the

robot, twastate feedback controllers work simultaneously to control the states of DC motors.

The state feedback controllierapplied to the simulated modelhichis presented in equatid
22. Figure3-3 is the block diagram of closddop state control for the TWIP. The gains details

are given as ifable3-3.

TABLE 3-3 SFCGAINS

IR g VIR VRS VRS )

QhQhQhQhQhQ
Left motor n&n)@pﬁﬂ)@mﬁrm(@@@x@'ﬁtnﬂ@ﬁp
Right motor T TOHHhE® Ty @ @ x d@dt T h me

wi ‘QéPresents the desired states, in this,dasgtabilize the TWIPthew i Q0¢ad (Figure
3-3).
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Set point
(xref)

O

SFC for left
DC motor

Set point
(xref)

—@

SFC for right
DC motor

FIGURE3-3 TWIP CLOSEBLOOP BLOCK DIAGRAM WITH SFCS

3.2.3 SMC

As the yaw motion and selfalancing of the robot need to be controlled properly, a sliding

mode control is proposed and designed to achievebaklfhcing and stabilizing. Due to the

systemobs

States

Two-wheel inverted

pendulum

[ States

nonlinearity

and

the nonlinearity of the system using the sliding surface approach.

The design of the wheel angle sliding mode controller is predexs follows:

The design of the yaw motion sliding mode controller is presente3d3®:(

i 0%

By substituting the equations to the robot dynamic, the second input can be calculated as (

31):

where:

0 %o

"Q %00

00

24
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u n c ee perdulumt and rejeStF C
the large disturbance withashort period. Hence, the sliding mode controller is designed to handle

(3-27)

(3-29)

(3-29)

(3-30)

(3-31)
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Q 00w OK] (3-32)
Q 0QOE] 00w OBIATW (3-33

MM Wl wo ORIAT® (3-34)

b —6 —6 (3-35)
b  —6 —6 (3-36)

Figure3-4 depicts the block diagram of closed look position control ihding mode
controller for the TWIP.

Wheelangle
Wheel anglerate
+ Y
Set point )
Sliding Mode _ | Two-wheel inverted R
Controller g pendulum g
Set point =
" 4- Pitch angle

Pitch angle rate

FIGURE3-4 SMC BLOCK DIAGRAM FOR TWIP

3.3 Summary

In this chapter, the dynamic model of TWIP is built by udiagrangian function method
Three controllerd PIC controller, SFC controller and SMC controllers have been designed
based on t built model. The simulation and experimental tests on the developed controller will

be carried out later.
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CHAPTER 4 DEVELOPMENT OF A CCR

The methodology othe cable climbing robot is detailed in the following sectiohe
development of the CCR in thissearch includes both mechanical and electrical systems design,

aralysis of design, robot controller design antbot programming and testing, etc.

4.1 Development strategy

To aid the development proceasworkflowis shownin Figure4-1.

Design
Iteration
Project Design Idea Detailed - Analysis of
Specification Generation Design Designs

Test Materials
& Small e
Components

Testing at Xili Robot Robot Order
Bridge, Programming P Components
Guangzhou, China &Testing Y and Material
Component
Manufacture

FIGURE4-1 DEVELOPMENT PROCESSVORKFLOW

Analyze Project
& Choose }—*

Direction

Project
Start
Project
Finish

4.2 Aims and objectives

1. Design a new cable climbing robot:

a. Design a higiperformance climbingnechanism and adhesion mechanism with suspension

features;

b. Designtherobot controlsystem and train the operator.
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2. Develop a small robot capable of inspectingtterdifference between cable sizE30mm

and 300 mm of hanger cables with the folllogvcore development aims:
a. A modular architecture that allows the platform to be easily mogified
b. Lightweight and deployable by one person
c. Reliable and easily repairabile

d. Own thedefect determining and positioning system capability tatsdrobot in becoming

fully autonomous

e. Develop a higlspeed adhesion scissor and lateral force support for smooth climbing with

self-lock linear actuators

f. Long-term aim to allow future engineers to develop this robot imnamerciabridge cable

climber robot.

4.2.1 New modular robotic architecture

A new modular robotic architecturess developed describing the physical layout and

connections between components. The main features with this modular approach were:

1 Fixed critical dimensions of the platfa where théhighest cost would be incurred during
the modification

1 Flexible structure allowing nearitical dimensions to be altered quickly

1 A standard set of interchangeable components reducing complexity

1 Future development time is reduced

The scope of this cable climbing robot projedb develop the smallest possible version of the

platform withstrongcapabilities.

4.3 High-levelspecification

G.C.H company requiremerdseservedas a base specification for the Cable Climbing Robot.
It is decided to design and build a swift, small, modwad lightweight robot to fit througtine

difference between cable size80mm and 300 mm of hanger cagléhe most challengingpart

27



Developing areliable lightweight robot undeb0 kg would allow it to be deployed by a single
operator. The desigs split intofour sutsystemgTable4-1).

TABLE 4-1 SYSTEM DESIGN

2. Drivetrain 3. Adhesiommechanism 4. Electronics &oftware

a. Drivetrain : : :
. . a. Scissomechanism a. Controlelectronics
1. Chassis mechanism

Table4-2 details thenigh-level specification for the new design.

TABLE 4-2 SPECIFICATION FOR HE CABLE CLIMBING ROBOT (ND: NOT DIRECTLY)

system transmission.
) A mechanism is used il ND
SC'SSO.rS devices such as lift X
mechanism . .
tables and scissor lifts.

X

g g
2 c 3 -
25 o £ = iy
o - sSe @ 8 S g ©
ID  Objective Description £9 3 ® 2 s 3
g &) ) S
b A2} c 3
(&} o a
() ©)
Control the climbin
1 Control g Yes X X X X
speed speed
Using an ultrasonic
2 Crgsh sensor for avoiding a ND X X X
avoider
crash.
Customize a Faulhabel
3 Coreless DC corelesDC motor with ND X X X
motor
an encoder.
Planet Customizea Faulhaber ND
anetary  high tor lanetar
4 gearbox igh torque planetary X X
gear
Chainand Sprockets and chains
5 sprocket  are used for power ND X X
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TABLE 4-3 SPECIFICATION FOR HE CABLE CLIMBING ROBOT (ND: NOT DIRECTLY- CONTINUED)

ID

9

10

11

12

Objective

Pillow block
bearings

Data
transistor

Suspension

Autonomous
control

Distance
viewer
software

COM is close
to the canter
of cable

Description

A pillow block is a
pedestal used to
provide support for
rotating shaft with
the help of
compatible bearings
& various
accessories.
Thewireless data
received by an XBee
module is included
in a received packet
frame along with the
remote transmitter
and options for
receipt.

Suspension springs
cushion cable
surface unevenness
and ensure that the
urethane wheels
always maintain
reliable contact with
the surface.
Climbing and
information have
autodrive keys and
cameras.

Have a single panel
on a monitor for
observing the
distance.

Centre of mass is
close to the canter o
cable to help with
inclines.

Company
requirements

ND

ND

ND

ND

Yes

ND

29

Chassis

Drivetrain mechanism

Scissor mechanism

Control electronics

Power electronics

X

X
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TABLE 4-4 SPECIFICATION FOR HE CABLE CLIMBING ROBOT (ND: NOT DIRECTLY- CONTINUED)

13

14

15

16

17

18

19

20

21

22

23

Objective

Protected
batteries

Easy access
& replace

Battery
monitor

Powerboard

Emergency
stop

Camera
controller

Urethane
wheel

Linear
actuator

Hexagonal
body
Wireless
range
65~70
Minutes
power

Description

Must be housed, so
potential damage is
reduced.

Must take <60 seconds
to access & swap
batteries.

Must provide a cell
voltagelevel to the
operator.

Provide all systems
with correct voltage &
power.

Have an EStop which
cuts power to motors.
There is enough power
supply cable andpace
to add the online
stream.

Urethane wheelare
used for fast movemen
on staycables.

Use a linear actuator fc
each scissor
mechanism.

It must besmall enough
to fit through cables
Must have ~600 meter:
wireless range outdoor

Must endure 30 minute
inspection rounds

Company requirements
Chassis

Yes X

ND

Yes

Yes

ND

Yes

ND

ND

ND

Yes

Yes
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X
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4.4 Chassisof CCR

The primary function of the chassis is to store and protect internal componetspaovide

aplatformtomountandnt egr at euldydteens.r obot 6 s

4.4.1 Chassisdevelopmentstrategy

Figure4-2 describes the development strategy ofdinessis.

3) Devel t

1) Specification 2) Benchmarking ) Developmen
(4.4.2) (4.4.3) & justification of

- design (4.4.4)

4) Material
selection
(4.4.5)

r

a)Size b)Shape 5) Mounting
(4.4.4.1) (4.4.4.2) systems
(4.4.6)

6) Final
Design
(4.4.7)

7) Manufacture
(4.4.8)

FIGURE4-2 CHASSISDEVELOPMENT STRATEGY

4.4.2 Specification

Table4-5 details the chassis and shell specification developed from the aims and objectives,

original highlevel specificatior{section4.3), and GCH Co. Ltd requirements.
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TABLE 4-5 CHASSIS ANDSTRUCTURESPECIFICATION

ID
1

10

Constraint
Modular
architecture

Cost
Repair and

maintenance

Durability

Mass

Size

Systems

integration

Loadresistance

Ease of

manufacture and

assembly
Material

availability

Description

Develop a core modular architecture that will allow the rob
platform to be easily modified or upgraded by futeregineer
developesin thecompany

Chassis components must be low cost

Easy to repair and maintaifihe cesign should consider ease
assembly/ disassembly and ease of access.

Must be able to withstanthe transfer of kinetic energy fror
collisions.

Must prevent debris from getting the chassis where possib
Must protect internalystems from damage.

The obot must be deployable by one pers®hkg max.).

There must be an even distritmrtiof mass within the chassisaw

CoG to improve mobility when climbing incline cables.

Must fit all electonics, gearboxesyotors etc.Combined with the
adhesiorand divetrain,it must fit tirough smalkableobstacles

Must account for the fixed dimensions requifedthe drive train.
Must integrate with thescissorsmodule and #&bw space for
adhesion mechanismelectronics. Must store and protect
electronic component®ust safely store the batty and allow for
easy acces§ome components must be insulated from condut
materials.

Must be ab# to withstand a fall fronil50 mm. Must take the loa
of mounting and unmountin/lust be resistant to loads genera
within the drivetrain system

Taking account of the time constraints, chosen materald
structures must be easily manufaeth andassembled in th
Concordia Robotic Lab

Materials must be readily available from local distributors.
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4.4.3 Benchmarking

Table4-6 shows the design progressiontioé CCR chassi§over time(Figure4-3, Figure

4-8).

TABLE 4-6 PREVIOUSCABLE CLIMBING ROBOT CHASSISSTRUCTURES

c
8 %)
5 g 5
© =
5 S g . g
. 2 o c 7} e
© © = @) (@] @]
Q = o @) O O
g _ Bolted together using CAF
Plate construction
g o screws, pockets removed
c (Used CNC milling and .
= where strength is not
=] lathe) . .
~ < required saving mass.
o E
- £ <
Q & CCR >
Adhesions could be easily
Plate construction replaced if damaged.
(Used CNC milling, Braces needed to be adde
lathe and laser cut) n toincrease rigidity and
- = . < .
S g  FIGURE44CCRWITH O reduce bending.
N E EIGHT FLAT RUBBER S
o o WHEELS ©
9V} i (qV

Plate construction
(Used CNC milling, N/A
lathg and lasecut)

FIGURE4-5 CCR WITH
FOUR CURVE RUBBER
WHEELS

201717
15mm Al
3,900 CAD
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TABLE 4-7 PREVIOUS CABLE CLIMBING ROBOT CHASSIS $RUCTURES(CONTINUED)

[
S %)
— (D) o ) 4
S B 3 2 2 £
- | = S 8 S 8
Side plate fitted across
Plate construction chassis to increase
stiffness. Torsion bar had
(Used CNC milling, to be insertedfter the
lathe, andaser cut) <o( robot landed on one of the
¥ < 8 front pulleys.
':'| E FIGURE4-6 CCR WITH )
o THREE ADHESION Q.
N ™ MECHANISM Lo
- _ Adhesions mechanism
ate construction
(Used CNC mill horizontally fitted to
se milling, .
athe | 0 increase the force betwee
athe,laser cu
the robot and the cable.
a)
o < 6
— c FIGURE4-7 CCR WITH g
°_°| = THREE ADHESION )
o MECHANISM CHAIN AND Lo
N ™ SPROCKET L0
Structural space frame
plate construction Urethane wheels added for
(Used CNC ml”lng, smooth cIimbing. A hlgh

erformance chain added as
lathe,laser cutwater P '

] power transmitter.
jet cud

FIGURE4-8 CCR WITH
THREE ADHESION
MECHANISM URETHANE
WHEELS

Final
3 mm Al
10,300 CAD
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CCRrobots reviewed isection2.2.2and previousCCR designgTable4-6) indicatke that the
most common factors between designsthe materials used, predominandllyminum and the
curved shape of the chassiich aid mobility[30]. All previous designarecurved at the front
and back to avoid catching and have control components outside of the shell. Tiseatsmst

increased over time. These factareconsidered in the design proc¢3%].

4.4.4 Development andjustification of design

4.4.4.1Size

The robot 6s maxi marefourd theoggk geemetdd relagonships@Egsations
4-1, 4-2, and4-3) derived from two specification constrairiigure4-9.

FIGURE 4-9 ROBOT HEIGHT AND WDTH DIMENSIONS (EFT), MAXIMUM LENGTH BETWEEN
CABLES (RIGHT)
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For knownhexagon size (K) and chosen robetth (F), the maximum roboheight is given
by equation4-1. Safetydistance (i is calculated from a chosen value aaible distance Z),

equation4-2. The maximum robot length (Ss calculated usingquation4-3.

n= Safetydistance = D= Cablediameter =~ C=Adhesionmechanisnsize

Z=Cabledistance H= Cableangd t= Bodythickness

O O ¢o ¢o (4-1)
¢ - O O (4-2)
"0 Y ¢U (4-3)

Table4-8 details the maximum chassis dimensions calculated.

TABLE 4-8 THE MAXIMUM CHASSIS DIMENSIONS

ID Parameter Symbol Dimension

1 Cable length L 10-500 m

2 Cable angel H 3590 degree

3 Maximumrobotwidth F 65cm

4 Maximumrobot diagonal K 80cm

5 Cable diameter D 100-300 mm

6 Bestrobot length S 67-85cm

7  The mnimum distance between Z 32.5cm
cables

8 Safetydistance n 10-30 cm

The final robot width and maximum length must take into account the tracks. The maximum

height should account for tlagivetrainsystem(32].

Table 4-9 details the maximum possible chassis dimensions and the chosen dimensions

illustratedin Figure4-10.
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TABLE 4-9 THE MAXIMUM POSSIBLE CHASSIS DIMENSIONSAND THE CHOSEN DIMBNSIONS

Parameter

Width (w)

Length (L)

Cable diameter

(D)

4.4.4.2Shape

Maximum
(mm)
692.8

900

300

Chosen
(mm)
650

720

330

Explanation

Minimized to reduce ©G, 42.8mm clearance
was chosen to increase clearance &tiifning
180mm for more stabilitypetween chassis and
rubber tracks

30 mm clearance was chosenirtstall the robot

easly

FIGURE4-10 FINAL CHASSISDIMENSIONS

Two critical factorsareused to determine the shape of the robot:

1. Shape, sizeand location of internal components

2. Collision avoidance and mobility.
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Major internal componen@reappoximated in ComputeAided Design (CAD) software and
assembled into an initial chassis design to assess whether the components would fit into the
available packagéFigure 4-11, Figure 4-12). Accurate componentare then created in CAD
(Figure4-13, Figure4-14).

FIGURE4-11 ROBOTHEXAGON FRAMES FIGURE4-12 ELECTRONICBOX AND
ALUMINUM FRAME

FIGURE4-133D CAD FRAME OF FIGURE4-143D CAD FRAME OF ELEETRONIC BOX
ELECTRONIC BOX URSIDE DOWN-SIDE

Although the robotslisted in section 1.2 are curved front and backs to avoid collisions and
improve mobility, this decreases the useable volume. This also increases manufacturing
complexity and reduces the ease of modification. Dukdse factors, a hexagehaped structure
is selected33].
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4.4.5 Materials selection

The specification led to the comparison of thmeeninumvariants and a lightweight, ethe-
shelfaluminumbeam being chosen Misumi with a high strength to weight ratio. Misumi has an
integrated construction technique using brackeas bolt inside the Tslot of the beanfFigure
4-15, Figure4-16). These rigid yet noqpermanent fixings allow modification anpfovide easy
assemblyTable4-10).

TABLE 4-10 ANALYSIS OF POSSIBLECHASSISMATERIALS

g <
> (@]
—- 3] = (7] 3 o
g 58 | B¢ 3 2 k= = S
o o 2 G = © =) ) © o
g 25| 22 | 5 | 3 | 8 | 5|5 |¢
= w e W 3 a = 14 @) <
Sheettomponents 2 2 4 4 2 1 3 2.57
Aluminum 2 3 1 3 2 5 5 3.00
Misumi 4 4 4 4 5 4 4 4.14
€ -
> I
FIGURE 4-15 MISUMI PROFILE FIGURE FIGURE 4-16 MISUMI ANGLE BRACKET

Mi sumi 6s aluminum extrusi ons ,asoidwoddcalovsas or i e s
larger platform to be developed to meet different operational requirements. The objective is to
build thesmallest, highest capability mogdélowever Figure 4-17 shows how the size can be

increased.

*Misumi is the brand name for this range of extruded aluminum beam v8ibt3 used for

prototyping
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Cable Climbing Robot Size

L i

Capability (and Cost)

FIGURE4-17 SCOPE FOR ADAPTINGALUMINUM EXTRUSIONS CHASSISPLATFORM INTO LARGER
SIZES

4.4.6 Mounting systems
Six load transfer pointareestablished:
12 x Pillow block bearing
3 x DC geabox motors
3 x Linearactuators
3 x Adhesionmechamsms

Bespoke mounting platesedesigned and manufactured for théSigure4-18).
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SN TN Load transfer points 1

DC gear box motor

Load transfer points 3 FilimebEEBEanag

Linear

Adhesion mechanism actuator

Load transfer points 5

Load transfer points 4 Load transfer points 6

FIGURE4-18 CHASSISMOUNTING POINTS

To utilize off-the-shelf partsstandardizehe fixings andminimizecostMi s umi 6 s al umi |
extrusionsbracketg(Figure4-19) areused and modified where required (82% standard vs. 18%
modified)[34].

dAakw =

)

FIGURE4-19 MISUMI BRACKETS
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Most of the componentaremounted directly ontddi sumi 6 s al u musmgithe ext r u
brackets, and the remaining componemesmounted ontdocal brands

The housing for thelectronics stuffs laser cufrom 5 mm thickness plexiglaggigure4-20).
This allows the removal of the control electronics along witlethergency landingystem if they
are not required. This aligns with the modularity object[3&$.

ina |:
=] |
Y
[ B
I [
I o o |
I ol
I [
I ,[
I&] —&‘ |
o) s o

[ |
FIGURE4-203D PRINTEDBATTERY HOUSING- CAD IMAGE

4.4.7 Final design

CAD images Figure4-21, Figure4-22) show various stages of completion of the final
design.
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FIGURE4-21 FINAL CHASSIS DESIGN- RENDERED CAD IMACGE

FIGURE4-22 FINAL CHASSIS DESIGN WITH INTERNAL COMPONENTS- RENDERED CA IMAGE

43



4.4.8 Manufacturing and assenbly

Table4-11 details the manufacturing method of each part and justification.

TABLE 4-11 CONSTRUCTIONMETHODS ANDJUSTIFICATIONS

Construction
Component Qty. Comments
Method
. ' Band saw and . '
Misumi brockets 12 o Required perpendicular ends
milling
Save resources by using methods not
U-Shapedthannels 14 | Band saw and foldeg o o
requiring a technician
The quickest method fothedesired
Suspensiomuider 8 | CNC milled shape
Scissor mechanism o Save resources by using methods not
_ 12 | Sawand milling . -
pins requiring a technician
. The quickest methoddr thedesired
Driveshafts 12 | CNC milled
shape
Save resources by using methods not
Aluminum profiles 14 | Sawand folded o o
requiring a technician
L-Shapedingles- :
_p J 6 | Waterjetcut Outsourced to save-imouse resources
mounting
Save resources by using methods not
Flataluminumextrusions | 6 | Band saw and folde( o o
requiring a technician
Aluminum extrusions- _ _ Save resources by using methods not
12 | Milled and drilled . o
rectangulatubes requiring a technician
Rotaryshafts 10 | Brand new Outsourced to save-house resources
Pillow type unit 12 | Brandnew Outsourced to save-house resources
A complex parbutsourced to save-in
Fit link chains 3 | Brand new
house resources
Sprocket 8 | Brand new Outsourced to savednouse resources
Controlbox 1 | Lasercut Simplest manufacture method
Strongspring TF 3 | Brand new Outsourced to savednouse resources
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4.5 Drivetrain

A drivetrain is essential for@CRrobot to traverse theargetterrain common ibridge cables

4.5.1 Drivetrain developmentstrategy

Figure4-23 describes the development strategy of the drivetrain.

1) Drivetrain 2) Benchmarking 3) Design calculations |
specification (4.5.2) (4.5.3) & decisions (4.5.4) |

I
| l ! ! |

a) Track vs. b) Design ¢) Dimension d) Adhesion e) Chain & f) Suspension g) Motor
wheels options (4.5.4.3) mechanism sprockets (4.5.4.6) reqguirements
(4.5.4.1) (4.5.4.2) e (4.5.4.4) (4.5.4.5) (4.5.4.7)

5) Manufacture 4) Final Design
(4.5.6) (4.5.5)

FIGURE4-23DRIVETRAIN DEVELOPMENT STRATEGY
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4.5.2 Drivetrain specification

The significant constraints are presentedable4-12.

TABLE 4-12 DRIVETRAIN SPECIFICATION

ID
1
2

© 00 N O O

10

12
13
14
15

16
17

Constraint
Cost

Mass

Modular

Size

Repair/maintenance

Complexity
Durability
Reliability

Torque

Traction

Obstacle crossing
Clearance
Mobility
Powersource

Control

Wiring

Environment

Description

Components should be sourced/designed such to save cost
The robot is to be deployable by one person, limiting the me&sko

The drivetrain must employ a modular approach allowing different
designs to be interchanged

The drivetrain must be large enough to drive the robot but small emot
fit through confined spaces

Simple to manufacture parts for easy maintenance

Parts need to be simple and few

Be impact resistant to the expected forces from its environment
Disasterenvironments require high levels of reliability in uncertain terr
High levels of torque will be required to clindi®-degreeslopes

Traction with the ground is essential for slope climbing

Needs to climb ovetO mm high, and cross5 mm wide obstacles

As high as possible

Complex terrain requirestagh level of mobility

Compatible with and completely powered by2 battery

Controlled remotely, requiring ease of use and information fed back t
driver

Easily wired to the control system

To be suitable for dry indoor environments
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4.5.3 Benchmarking

This cable climbing robot hasnew adhesiomechanism, whicls not common amongther
cable inspectionobots (Figure4-24). This adhesiormechanisnprovides a good platform to base

the new drivetrain gnandit let to therobotto move along bridge cable systems, such as bridge

cables, pipes, steel wires, anctaiarpoles forinspection.

-‘- -_.
. i
E|m D
| Adhesion il -
Mechanism 5258 SGA RS
™
4 in =.

.-
b & echanism |4

Drivetra
M

FIGURE4-24 EXISTING CABLE CLIMBING ROBOT DRIVETRAIN FEATURES

4.5.4 Design,calculations, and decisions

4.5.4.1Tracks vs.wheels

Due tothecost and complexitythe form of transpoiis limited to tracks or wheel§.able4-13
compares tracks and wheels agathstspecificatior.5.2).

47



TABLE 4-13TRACKS AND WHEEL COMPARISON AGAINSTSPECIFICATION

ID

ol

\l

Constraint

Cost

Mass

Modular

Size

Adaptability

Repair/

maintenance

Complexity

Durability

Reliability

Tracks

o

o

o

o

Wheels

H

Scale

N

Reason for
choice

Wheels are more common and invofeaver parts

leading to beingheaper

Tracks have more components than wheels, leading to a

greater mass

Tracks can have parts mounted inside them, leading to tr

possibility of a seHcontained unit

Tracks are more flexible ithe shape/size ahedesign but

wheels are smaller.

Wheelsonly need the tread to be changed for differer
levels of grip or clearanc&racksneed to be completel

replaced to change these aspects.

If the tread breaks, the whole wheel needs replaiaighe

track needsll tread elemesstreplacing

Wheels havéewercomponents so are less complex

Generally made from thick rubber, so more durabda tots

of little treads

Tracks have more components so more can break than ir

wheel
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TABLE 4-14 TRACKS AND WHEEL CGVMPARISON AGAINST SPEIFICATION (CONTINUED)

ID

10

11

12

13

14

15

16

17

18

Constraint

Torque

Traction

Obstacle

crossing

Clearance

Mobility

Power

Control

Wiring

Environment

Total

2 3
(&) D)
9 =
=
1 0
1 0
1| 1
0 1
1 0
1 0
19 26

Scale

w

Reason for
choice

Both have the same torque tracks can apply it more

effectively

Wheels only contact the ground in a small area whereas
tracks are much larger attaining better traction

Tracksand wheels length allows them to traverse obstacle

which wheels would otherwise get stuck in/on

Without special consideration, tracks give less clearance

wheels

Greater obstacle crossing capabilities draeks better
mobility

As the power will be the same for bosiowill not be

compared

Control methods will be the same faoth

Wiring to motors will not depend on wheels/tracks

Tracks have lower ground pressure and can, therefore, h.
a wider range of environments, e.qg., spiral wire/ gimped

cable
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The comparison determigthat tracksarethe most suitable form @motion for the newCCR

robot.

4.5.4.2Designoptions

Three considered concepase reviewed in detaillFigure 4-25 - Figure 4-31). The ost and

complexity increase with improved mobilififigure4-32).

' Mobility Low
Complexity Low
Cost Low
Description Double units
Drivetrain Type Wheels//Timing
belt
Suspension No

No. of DC Motors Four

FIGURE4-250PTION 1i SIMPLEST DRIVETRAIN DESIGN

Mobility Medium

Complexity Medium

Cost Medium

Description Double units

Drivetrain Type Curve
Wheels/Timing
belt

Suspension No

No. of DC Motors Two

FIGURE4-26 OPTION 2i SECONDSIMPLEST DRIVETRAIN DESIGN
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Mobility Medium

Complexity Medium
Cost Low
Description Double units

Drivetrain Type Curve wheels
Suspension No
No. of DC Motors Two

FIGUREA4-27 OPTION 31 MIDDLE DRIVETRAIN DESIGN

" Mobility Medium
Complexity High
Cost High
Description Triple units

Drivetrain Type  Rubbertrack
Suspension No
No. of DC Motors Three

FIGURE4-28 OPTION 4i SECONDMIDDLE DRIVETRAIN DESIGN
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" Mobility Medium

Complexity High

Cost High

Description Triple units

Drivetrain Type Rubber
track/Timing
belt

Suspension Yes

No. of DC Motors Three

FIGURE4-29 OPTION 51 SECONDMIDDLE DRIVETRAIN DESIGN

' Mobility Medium

Complexity High

Cost High

Description Triple units

Drivetrain Type Rubber
track/Sprocket
and chain

Suspension Yes

No. of DC Motors Three

FIGURE4-300OPTION 61 SECONDMIDDLE DRIVETRAIN DESIGN
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Cost & Complexity

Mobility High
Complexity High
Cost High
Description Triple units

Drivetrain Type Urethane
wheels/Sprock
et and chain

Suspension Yes
No. of DC Motors Three

FIGURE4-31OPTION 71 SECONDMIDDLE DRIVETRAIN DESIGN

Mobility
FIGURE4-32 DRIVETRAIN COST & COMPLEXITY VS. MOBILITY GRAPH
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While option 1(Figure4-25) andoption 3 (Figure4-27) would be the lowest cost and easiest
to implement, the mostosteffectivedesign, optiory (Figure4-31), is chosen as this best meets
the specification. Thigption also has thgreatest ability talimb different cablesDue to the
modularity requirement, the design should still allowttlaek units to be removed and legped

with a single unit as ingiion 1(Figure4-25) to allow it to be adapted to suit its environment.

4.5.4.3Dimensions

The robot specification is such that it should friolgh a 600mm triangle and have a turning
circle of less than 60m (Table4-15). This has a direct effect on the size of the track uhhs.
restricting dimensions of the track units and their placement on theaxbibustrated irFigure
4-33.

&)

FIGURE4-33RESTRICTINGDIMENSIONS IN THEDRIVETRAIN DESIGN
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TABLE 4-15DRIVETRAIN DIMENSION

Dimension Reference Value (mm)
Length L11 519
Width 2.93(L7+L1/2) 2.93(286+350)
Height L2 800
Length box L5 429
Width box L4 165
Distancebetween 5*L 4/2 325
wheels

Hexagondiameter L1 700
Cable diameter D10 100-300

4.5.4.4Adhesionmechanism

The adhesion force between the robot and the cable is an important factor of a climbing robot
because it affects the robot operation and might damage the polyethylene cable. Hence, the cable
climbing robots should badaptedo the changes in the cable miieter because the diameter of
the suspension hanger varies in the range ofd6® 300 mm. Thus, the proposed robot is

developed to be applied in a variety of cable diameters using a scissor medAahism

According to the scissor mechanism, the output power is always transmitted perpendicularly
so that it can redudbeloss of adhesion forc€Equation 44). As shown irFigure4-34, the initial
position of the slider is D, the I ength of t

position of the slider, the height thfe Scissor mechanism is calculated as foll (4.

O ¢ 0 - (4-4)

The designed scissor mechanism of the cable climbing robot is shéwgune4-35.
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Y-axis =

aDsinB
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l

X-axis

o )

FIGURE4-34 GENERAL INSTANCE OFSCISSOR FIGURE4-35 SCISSOR MECHANISM
MECHANISM

4.5.4.5Chain and sprockets

Cable climbing robot systems should be equipped with some protection mechanism to prevent
falling because suspension bridge cables are usually located at high vertical positions from the
ground. Sprockets and chains are also used for poavesntission from one shaft to another where
slippage is not admissible, sprocket chains being used instead of belts or ropes andwhemtket
instead of pulleysHigure4-36).

56



The chain and the sprocket used in the final design are detailathled-16.

FIGURE4-36 CHAIN AND SPROCKET

TABLE 4-16 FINAL CHAIN AND SPROCKET CHOSEN

Type
Pitch
Material

Chain no.
Pin format
For chain
no.
Material

Bore dia. D
Number of
teeth (T)

Standard Composition

chains
12.7

Steel

40

Rivet type

40
pitch)
[Steel]
1045
carbon
steel
10K
10

B

instructions
Number of
tracks

Max. allowed
tension(kN)
Number of Links

Number of
tracks
Bore style

Keyway b2 * t2
Chain type

18.1

32

Single
row
With
finished
bore

4*1.8
RS
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4.5.4.6Suspension

Suspension springancushion cable surface unevenness and ensure that the urethane wheels

always maintain reliable contact with the surfdeigre4-37).

Two types of robot systemare developed for inclined cables in calstayed bridges and
vertical hanger ropes in suspension bridges. The hardware of the cable inspedtsmasithe

following unique features.

()The range of cable diameters are fra@0mm t o 300 mm, and the ma)

47 kg for hanger ropes and stay cables, respectively.

(i) The robot is controlled with and transmits sensor data to the ceyst@m through wireless

communication.

(i) The If-locking system is designed to prevent reverse force on the motor and digspate

freefalling force foranunpredicted power outage maintain reliable contact with the surface.

FIGURE4-37 SUSPENSION AND SHOR ABSORBER MECHANISM

4.5.4.7Motor requirements

Equatiors 4-5 and4-6, Table4-17 show what the required torque and rpm for the tracks drive

motors are, for given inputén important design objective of the calslespension bridge robot
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is that the robot should have enough climbing force to inspect vertical hanger cables, and, for
unpredictable power outage, the gravity force due to the robot dead weight should be effectively
counteracted to avoid freefall. To accomplish these desigrttdlgs, electrical DC motors are
used to actuate the robot system on hangbtes[43, 44] The robot system empley scissor
mechanism for various cables gauges asdlf-locking mechanism foa power outageKigure

4-38). The sellocking systemis designedto prevent reverse force on the motor and to reduce
falling acceleration durin@ power outage. A simple gear systesnused, which consists of
differential gearsincluding worm and pinion gears and worm wheels attached to disk dampers
[45, 46]

FIGURE4-38 SAFE LOCKING MECHANSM

90°

I
I
I
|
|
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I
I
I
I
I
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I
I
| A

FIGURE4-39 CCR DURING CLIMBING AT AN ANGLE 60 DEGREESLEFT AND 90 DEGREESRIGHT
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TABLE 4-17 TRACK MOTORREQUIREMENTS

Input requirements Value Unit
Mass 35 [kg]
Number of drive motors 6 n/a
The radius ofa drive wheel 0.06 [m]
Robot velocity 1 [m/s]
Maximum incline 90 [deg]
Desired acceleration 1 [m/s7]
Total efficiency 65 [%0]
Output requirements
Torque 4.579 [Nm]
Angular velocity 159.24 [rpm]
¢ - (4-5)

where;
U is torque ( N/ m)
e istheefficiency of motor/gears/wheels (%)
a is acceleration (m/s2)
g is acceleration due to gravity (m/s2)
d thesngle of incline (0)
m is mass (kg)
r istheradius of effective wheel (m)
n isthenumber of motors

m ¢ RrR— (4-6)
where
¥ is the angular velocity (r

v is the velocity (m/s)
r is the radius of effective wheel (m)
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TABLE 4-18 FAULHABER DC MOTOR

Input Voltage:
Gearratio:

Gear output Torque:
Speed:

Operational Temperature:

Current (full load):

Motor Type:

M otor and gear bearings
Unit Weight:

M otor max efficiency

M otor output torque:
Motor power.

4.5.5 Final design

12V DC
1201

20 Nm

46 rpm
-30C~+125C
4A
corelessDC notor/ graphite ommutation |~
ball bexring, preloaded '
740 gr

% 84

131 mNm

110w

Ny &

FIGURE4-40 FAULHABER DC MOTOR

The track units anddhesiorsystens aredesigned and improved in a series of iterations until

the final design shown iRigure4-41, andFigure4-42 is reached. Specifications for the motors
andsprockets and chainsed can be found ifable4-19, including the required values calculated

in section4.5.4.4 It is clear by comparing what the motors can supply with what is required, that

the motorsareable to supply the required torque and rpm. dhesenmotors have a very high

safety factorHowever, they are cheap and compact, so finding less powerful matedeemed

unnecessary. The large safety margin also allows for a wide range of possible modificaliens in

future.

TABLE 4-19 FINAL DRIVETRAIN MO TOR SPECIFICATIONS

Section Name of motor The torque  RPM  Added Torque RPM

of the motor of gear after after
(mNm) motor ratio gears gears
(X:1) (Nm)
Drive 3863H012CR+38A 131 5600 120:1 20 46
motors 120;1+HEDS5500A
12+MG20+X0743
Required 16 42
Scissor Progressive 98 5100 560:1 203 9
mechanism automation PA14P
Required 150 7
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The possiblesmallest and simplest solutioase chosen for each design step, using easily
sourced and replaceable parts where ever possible. The only complex padsisace
mechanismsTheyaredesigned to fit all required parfpins, rotary shaftsball bearingsmetal
collars and drivetrain ung), including wiring, and need a milling machine to make. They are
however not expensive, so having a few spares is a very affordable possibility. All other drivetrain
parts can be made on a lathe & pillar drill with a little spare materabered fom Misumi Each
drive unit is identical and can be attached to aitk andanycable that is in the applicable cable

diameters rangé-igure4-43 shows the finished design in CAD.

FIGURE4-41 FINAL FRAME DESIGN FIGURE4-42 FINAL ADHESION SYSTEM DESIG

FIGURE4-43 DRIVETRAIN FINAL DESIGN
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4.5.6 Manufacture

All of the partsaremachined at th€oncordiaUniversity, except forsomeleather machining

and milling machineThe componentarethen assembled into the track urffsggure4-44).

Chain tensioning bloclkarenot added to the CAD model due to time constraints; however, they
aredesigned and brought the total clearance of the robot to over 40mm. They also direct any impact

force away from the sprockets and into the chain unit.

FIGURE4-44 MANUFACTURED AND ASSEMBLEDUNITS

4.6 CCR control and €ectronics

The key challenge for creating reliable robots that achieve their full potential is the development
of controllable mechanisms and unites using materials ithegrate sensors, actuatoend

computation, and that together enable the structure to deliver the desired behavior.
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1) Specification 2) Electronic architecture 3)Controllers 4)Electronics and
(4.6.1) design (4.6.2) Design (4.6.3) software (4.6.4)

| 5)Control electronics J

! | | I L (4.6.5)
Communication Microprocessor Motor controllers 5 (4.3.4)
(4.6.5.1) (4.6.5.2) (4.3.3) it
| 6)Power electronics
' § (4.6.6)
Ilz\ﬁ?r;tr::r:?s Trace widths Cablessizing & fuse
4.6.6.2 ion (4.6.6.
(4.6.6.1) ( ) protection (4.6.6.3)

10) Software design 9)Safety System 8) Manufacture 7)Final designs
(4.6.10) (4.6.9) (4.6.8) (4.6.7)
Power board
(4.6.9.1)

FIGURE4-45ELECTRONICS AND SOFWARE DEVELOPMENT SRATEGY

4.6.1 Specification

The specification for the new electronics and software systératite4-20is developed from

the aims and objectives, original hitgvel pecification (sectiod.3), and company requests.
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TABLE 4-20ELECTRICAL SYSTEM $ECIFICATIONA4.3

ID

10
11

12

Constraint

Size

Mass

Modular

Cost
Reliability

Communication

Data

Wiring

Emergency stop

Fuse protection

Protect battery

Monitor battery

Description

Componentsirechosenand electronic designs should be as
small as possible in volume but also not exceed dimension
specified by the chassis, drivetrain design parameters to et
they can fit in the small package space.

Weight must be considered when choosing components ar
reduced where possible.

Chosen components must have plug and play modularity w
connectors for simple removal. Removal of devices should
affect the robot 0 soritspeabilgyt i
Electronic components must be low cost.

Low cost should not affect the reliability of the device.
Must be able to communicat
computer.

The electronics should be able to control the robot from da
supplied by an operator remotely (wheels, adhesion
mechanism)

Simple, tidy and easy to followhe wiring.

Fixed terminal blocks for connections.

Single point ground connection to peamt ground loops.
Produce and accurate wiring diagram for the electrical
network.

An emergency stop system must be implemented, as good
practice with all robotic systems, to remove all power
electronics and communication systems active.

Protect the battery and the robot using fuse protection.
Adequate protection from connecting in reverse polarity.
Supply operator with battery charge levels remotely to estir

remaining drivaime and prevent ovatischarge.
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4.6.2 Electronic architecture design

A modular electronic architecture designed to allow a core system to function and provide

basic robotic operation$igure4-46). This system could then be expanded to control additional

systemsproviding additional sensing, camera maneuverabditynanipulation capabiliti€l8].

Key:
Core
System
Adhesion
System

Additional
Sensors

Battery
Monitor

Digital Fuse

Climbing
System

Sensors

Microcontroller

Computer
telemetry

II

attery

B

J |

Radio

bee 52ProB

Main Power
Board

| )

WiFi Link
—-— -

—+ Xbee 52ProB Radio
Controller n

|

Motor Controller
Linear Actuators 1

Drive motors

Power Board
2

L Operator PC

Adison Power
Board

— =

Minerva Pilot

[

Radio Controller

2
Motor Controller

Linear Actuators 2

Linear Actuators
#

—+ IMU6 DOF Gyro Vison System 4
-
Speed Motor
— Calculation Motor
(Encoders) Controllers
Ultrasonic
s
Sensor
Linear
Actuators
Potentiometer

Board

{

Motor Controller
Linear Actuators 3

}_

Wheel Motor
Board

)

[ Linear Actuator 1 ]'l-

Motor Controller
Wheel Motor 1

-D[ Wheel Motor 1 ]

[ Linear Actuator 2 ]'l-

""[ Wheel Motor 2 ]

2
Motor Controller

Wheel Motor 2

[ Linear Actuator 3 ]4—

—’[ Wheel Motor 3 ]

Motor Controller
Wheel Motor 3

FIGURE4-46 ROBOT MODULAR ELECTRONIC ARCHITECTURE
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4.6.3 Controllers design

Cable climbing robot is designed witieintegration of both hardware and software for various
realworld applications. Working with the applicatigribe robot is to inspethe full length otthe
cable andapplydifferent speeds to execute the udefined tasks. The way the robot has to make
a motion is preorogrammed by the user in applications with thiegrated embedded system
components present with the robot desifmereare possibilities for the robot to deviate from the
programmed trajectory due to the interventiodisfurbancesMostly, someerrors are introduced
in the trajectory of the robothis creates the neddr arobust controller tonake theobotrunin
realworld applications. From the results t i's c¢clear t haannotbe easily obot 0
maintained due to uneven floor conditipasid due to somdisturbancesThe designeaable
climbing robot is supposed to be continuously monitored with the help of encoder semsbes
controlled by the controller at every instant as its trajectory is being traBkegortional
IntegratedDerivative (PID) controller is one of the methods to synchroaizé control the
multiple motos. To controlthe cable climbing robgtthe proportionaintegratorderivative (PID)

controllersis designed witlthefollowing transferfunction:

60 0VLQO0 v, QftQo v — 47

where K is proportional gain, Kis the integral gain, anddds the derivative gain. Those values
are available imable4-21.

TABLE 4-21PID VALUES TUNED

Kp Ki Ko
M1 19.15 9 0.0005
M2 19.15 9 0.0005
M3 20 11 0.0005

Two PID controllers are designed@he first PID controller aimat synchronizing of three dc
motor speedFigure 4-47). The second PID controller aims at regulating slyachronizing
positionlinear actuatorgFigure4-48). And the parametedslescriptions provided inTable4-22.
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Set point from Uq
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FIGURE4-47 DC MOTORS CLOSEBLOOP BLOCK DIAGRAM HAVING PID CONTROLLER

Set point from
operator (xref)
- u :
Linear g : Linear
Driver
— Actuator 1 + [osiet Actuator
[ Encoder1 |
PID Linear
controller (/i) Actuator2
=
inear
Actuator3 Feedback

FIGURE4-48 LINEAR ACTUATORS CLOSEDLOOP BLOCK DIAGRAM HAVING PID CONTROLLER

TABLE 4-22 PARAMETERS OF TWCPID CONTROLLERS

Parameters Unit Description Parameters Unit Description
. DC motor
m=0.818 kg Wheels mass Rm=0.16 Y _
resistance
Diameter of DC motor torque
R=0.060 m Ki=19.9 mNm/A
wheel constant
Gravity DC motor back
g=9.810 m/s _ Kpr=2.8  mv/rpm
acceleration E.M.F constant

Efficiency, Max. h %83 - - -
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4.6.4 Electronics andsoftware

Electronics andobot softwareis required to power and control tleable climbing obot

systems remotely while providing the operator with enough information to do this. safely

4.6.5 Control electronics

Power distribution boards (PDBs) are used extensively throughout electrotémsyas a
means of dividing electrical power from the supply system to subsidiary sydtegnse@-49,
Figure4-50). There are various methods by which one can regulate tlageand thus distribute
the required power throughout a system. Common methods of power distribution utilize voltage
regulation. Voltage regulation is required to create a voltage reference from which the subsidiary

circuit can operate at a stable voltdgable4-23) [51].

TABLE 4-23PCB COMPONENTS LIST

1-6 dc motordriver
A XBee

radio controller

on/off key

encoder dc motor

B
C
D microprocessor
E
G

, H driver dc motor ports

I radio controller pins

encoder dc motor

XBee port

J
K
L ultrasonic port
M

driver dc motor ports
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4.6.5.1Communication

To improve connectivitythe new electronic box desigtiowst he r out er 6 s ant enrt

out (Figure4-51).
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FIGURE4-51 ELECTRONIC BOX DESI®

A review of available routeiis conductedand dualband (2.45Hz and 535Hz) routelis chosen

with a power output 063 mW (XBee-pro s2b (Table4-24), two times greater than the existing

router.The newseries d (Figure4-52) improves upon the power output and data protocol of the

Pro Series2. Serieb2nodules allowoneto create complex mesh networks based on the ZigBee

mesh firmware. These modules allow a very reliable and simple communication between

microcontrollers, computers, systerpsint to point and multipoint networks are supportgsR].

TABLE 4-24 SPECIFICATIONS OF HE XBEE-PRO(SZ2B)

Performance

Power

requirements

Indoor/ outdoor range
Transmit power output
RF data rate

Data throughput

Serial interfacelata rate
Receiver sensitivity
Supply voltage
Operating current (transmit, max output powe
Operating current (receive)

Idle current (receiver off)

71

Up to 90 m/up to 3200 m
63W (+18 dBm)
250,000 b/s
Up t0 35000 b/s
1200 b/s 1 Mb/s
-102 dBm
2.7-3.6V
132-220 mA @3.3V
62 mA @3.3V
15mA



(@) Robot receiver (b) Computer receiver

FIGURE4-52 XBEE RECEIVERS

Also, eachradio controller transmittefFigure 4-53) has a unique IDWhen binding with a
receiver, the receiver saves that unique ID and can accept only data from the unique transmitter.
This avoids picking another transmitter signal andmatically increasenterference immunity
and safetyTable4-25).

\ Antenna 1
Antenna 2

Voltage Deteétor ‘ PPM Connecter

1.BUS Connecter

FIGURE4-53RADIO CONTROLLERTRANSMITTER
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TABLE 4-25RADIO CONTROLLERSPECIFICATION

Description

ltem

Channels

Model type

RF range
Bandwidth
Number of bands
RF Power

RX Sensitivity
2.4GHz protocol
Modulation type
Stick resolution
Low voltage alarm
DSC port
Antenna length
Power input
Online update
Range

Weight

Size

i-bus port

4.6.5.2Microprocessor

Brand name: Flysky

X6B i-bus2.4 GHz- 6 CH receiver
6 (PWM), 8(PPM), 18(i-bus
Multi-Rotor

2.408 2.475 GHz

500KHz

135

No more than 20 dBm
-95dBm

AFHDS 2A

GFSK

1024

Yes

PPM/PWM/i-bus

93mm @ual antenna)
4.0-8.4V

Yes (vireless)

>300m

459

36*22*7.5mm

Yes

The Arduino Due 32bit ARM microcontrolle(Figure4-54) is a microcontroller board based
on theAtmel SAM3X8E ARM cortexm3 CPU. It is the firsArduino board based on a 3fit
ARM core microcontroller. It has 54 digital inparidoutput pins of \ich 12 can be used as PWM
outputs, 12 analog inputiyur UARTSs (hardware serial port§n 84 MHz clock, anJSB OTG

capable connectiomywo digitalsto analog, a power jack, a reset button and an erase button.
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FIGURE4-54 ARDUINO DUE 32BIT ARM MICROCONTROLLER

4.6.5.3Motor controllers

The chosen controlleF{gure4-55) is the only DC motor controller found which sumgdihe

correct power\oltageand awrrent) Table4-26) to the drive motors and §itnside the electronic

box.

TABLE 4-26 MOTOR CONTROLLERSPECIFICATION

Currents 13 A DC motor driver - grove
compatible

Maximum current  Up to 13A continuous and 38
peak (10 seconds)

Logic level input  3.3-5V

Support motor 6-30V
voltage ranges

Bi-directional control for onebrushed DC motor

CONTROLLER

4.6.5.4Sensors

Sensorsarerequired to allow teleoperated control of the robot and obtain the maximum number

of points atheinspection siteTable4-27 summarizeshe sensors required, their purpcsed the

chosen sensor
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TABLE 4-27 CHOSEN &NSORS

Sensorand purpose  Picture

Rangefinder sensor:

crash avoider

FIGURE4-56 ULTRASONIC
SRF 08

Battery monitor:

avoid losing robot

control
FIGURE4-57 DUAL
BUZZER ALARM

6 DoF gyro,
accelerometer IMU

increase robot

efficiency and safety
FIGURE 4-58 MPU6050

Encoder
synchronous motors

and control of

climbing geed
FIGURE 4-59 HEDS5500A
12
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Description

Communication with the SR8
ultrasonic rangefinder is via the 12C bus
This is available on popular controllers
such as the OOPic and StaB®$2p, as
well as a wide variety of micro
controllers. To the programmehe
SRF08 behaves in the same way as thi
ubiquitous 24xx serieBEPROMSs,
except that the 12C address is different.
Battery voltage checker and low voltage
buzzer Threetest mode test randd.1 to
12.6 volts, which is possible test the
batterypack without balance connectors
and budly buzzercan be heard frora
distance

Tri-Axis accelerometer with fall-scale
programmale range andheworking
voltage isbetween 3 to 5 volts. This
module ombines a &xis gyrosope and
a 3axis accelerometel2C Digital-
output of 6 or Saxis Motion Fusion data
in therotation matrixis important for

accurate control.

Opticalencoder with digital outputs,
three channe]sand 500 lines per

revolution for line driver.



4.6.6 Power electronics

Analyzing the evolution 0€CR power distributions systems allow the designer to recognize
drawbacks from realorld circuits and how thesseovercome Identifying these characteristics

and using the plethora of past information allow the desigrniergmve continuously
4.6.6.1Powerboardrequirements

Individual output power requirements for the main power board andctineotorspower board
aredictated by the control electronics chosersettion5.4, resulting in the output requirements
in Table4-28 andTable4-29.

TABLE 4-28 REQUIRED OUTPUTS F& THE MAIN POWER BOARD

Name Voltage (V) Current (A) Power (W) Fuse (A) Note
XBee 12 1.1 13.2 2 Usually0.9 A but
additional 0.2A
due tonewer
antenna
Ultrasonic 5 0.5 2.5 1 -
Battery 12 0.3 3.6 1 -
monitor
Gyro 5 0.2 1 1 -
Radio 5 0.2 1 1 -
controller

transmitter

Total of 5 volts power 8.1 - -

Total of 12 volts power 13.2
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TABLE 4-29 REQUIRED OUTPUTS FRM ACTUATORS AND DGMOTORS

Name Voltage (V) Current (A) Power (W) Fuse (A) Note

Linear 12 9.8 117.6 12 Usually 9 A but

actuators additional 08 A due to
lock position

DC great 12 11 132 13 -

motors

Total of 12 volts power 249.6 - -

The total power requirement of the control electrors@65W (Thisincludesall actuators and
dc-motorsrunning at full load). This equadto a maximum current draw @2.08 A from the
battery, calculated bgquation4-8 [53]:

O — coP (4-8)
Where:

| is the current (A);

P is the power (W)

V is the voltage (V)

This is composed of 2.64 and 3.6A from the main power board aadtuators an®C motors
respectively. As thactuators and dmotorsareused infrequently a running time of the robst
calculated to be 1 hod9 minutes(Equation 49):

YQ& Q PROQ— P CR O (4-9)

4.6.6.2Trace widths

The PCBs copper tracesedesigned to handle the appropriate operational curfémettrace
widthsarecalculated using the IPC 2221 PCB technical design requirelfi&ntation 410) [54].

Imperial units of measuremeateu s ed f or the design of the

rule, use imperial for tracks, pads, spacjngsd grids. Only use mm for mechanical and
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manufacturing type requi r emenl[BH. THethkkaesthobthee si z
coppertraceisfixedat3bm (1. 38 mil s) due to the manufact.
0 Q 3Y8 68 (4-10)
where:
| is current (A)
A is thecrosssectionalarea (milg)

®T is the temperature rise (AC)

K is a constant = 0.048 for outer layers and 0.024 for inner layers.
Rearrangingquation4-11, 4-12 gives the area in midor the required current.

8 -
01 QiU Q — 8 (4-11)

O Qm Qo | ——M (4-12)

4.6.6.3Cablessizing and fuseprotection

Cable sizings based on the 17th Edition IEEE wiring regulati¢b8]. Easy to replace fuses
d.ittle f u dsecliosen to ensure protection for safetitical circuits. A minimum fuse value of
135% larger than the load curresthosen as recommended in the Optifuse fuse selection guide
[57].

4.6.7 Final designs

The circuitsaredesigned usingltium Designer(Figure4-60, Figure4-61) and then transferred
to PCBmanufacturerThe PCBis atwo-layerboard with power andrgund routed on the bottom
and signalsonthetop T h e O-IARUWdes2t@b2tter design the layaut t h €54ja@ear d 6
followed. To save space inside the chagsie driver board are also designed to allow direct

mechanical and electrical connection to itineroprocessor
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FIGURE4-613D REPRESENTATION 6 THE BOARD

4.6.8 Manufacture

The PCBsaaremanufactured by theCB Way(Figure4-62) using acomputercontrolledrouter.
Throughhole and surfacenount componentaresoldered by hand. Spacer®machined using a

lathe to give structural strength to the breakout boardshemditroprocessor
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FIGURE4-62 THE PCBS BEFORE COMONENT SOLDERING

4.6.9 Safetysystem

The robot requirean emergency stop button to halt the drivetrain adteesionu n i lineard
actuatorsvhen presssbut maintain power to all other control components. The maximum current
the six motor control boards fahe drivetrain can draw 30 amperesHowever the maximum
efficiency current of the motors iSamperesand should stay within 50% of this under normal
loading conditionsThis equate to a maximum current draw dfL7 amperedrom the battery

under normal conditiond&Equation 413).
| AG'QQQIORE 8D QBB EOET ipapdze pp&  (413)

A safety factor ofl5% isaddedma ki ng t he r equi r efd35anpéresAA 6s cur
140 ampereduseis included, designed to blow if the current exceeded these normal operating
conditions, protecting the circuitry and ref@8]. Thelinear actuatomotors operate on2lvolts
dc, with the ability to draw ZmperesA separate relaig needed to operate atifferent voltage
of 12 volts. The emergencystop circuitis first simulated using Multisim to ensure the correct

operation and measure current flow through the circuit.

4.6.9.1Powerboard

The testing proceduyéncluding continuity testing for the PCBslescribed inFigure 4-63,
demonstratethe voltage measurements made with a nméter for the main power boar@nce
the testtcomplets, the boardsaremounted in the chassis. The DC motors control electronics are
shown connected ifigure4-63.
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Figure4-63 The PCB and components

4.6.10Software design

C++is chosen for the new roho€++is a flexible framevork for writing robot softwarend

allows the software to be run as nodes across different devices to allow distributed computing

(Figure 4-64). This allows the modularity and plug and @dynctionality requiredC++ also

provides access to a lot of opsourcelibraries available to use and modify freely, decreasing

developmenttime and increasing functionality. This allows future teams to develop in their

strongest languadé9, 60}

Communication Port:

Comd

Distance: 0

Start

(cm)

Exit

FIGURE4-64 CCRDISTANCE VIEWERSOFTWARE
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4.7 Summary

In this chapter, the development strategy of the CCR has been given. The objecives of the
project have been outlinedhe detailed designs on the chasis of CCR, drivetrain, control and
electronics have been given. Both indoor and outdoor tests on the robat gillem in Chapter
6.
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CHAPTER 5 SIMULATION AND EXPERIMENT TESTSOF

TWIP

A TWIP robot is built with four main parts: controller and sensors, gear DC motors, battery,
and structure. Arduino Uno is the controller of the TWIP and allows the driver shield to dnive gea
DC motors. The gear DC motors of the robot could robustly keep the robot stable. The driver shield
is L298, which is a dual fubridge driver. It can transform the reahe data fromthe Arduino
board to the DC motors. To record the angular positienditch, yawand wheel angles, Arduino
is connected to two different sensors. (i.MMPU 6050 which has accelerometer sensors,
gyroscope). As it contains dfits analog to digital conversion hardware for each chanrsnit

be more precise.

Besides using the XBee shield can wirelessly provide data transmissigdhécomputer. The
gearDC motorsaremade by Faulhaber with maximum reolution of 350 rpm. Moreover, the
power is supplied by EPo battery/4000 mA. The diametertbeé wheels is 108 mmlhe center

mass otherobot is located in the middle of the whésgis Figure5-1).

FIGURES5-1 TWIP ROBOT WITH DIFFERENT PITCH ANGLE

5.1 Simulation results

The simulatioris carried out in Matlab/Simulink. The comps=on between the proposed

SMC, PID, SFC controllerss made.
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The simulation of the closddop PID contrder is done in SIMULINK using the ode 45
methods with a variable time step. As showirigure5-2, two different initial pinch angleare

provided to evaluate the performance of PID controllers.

0.6

5

T T
—Pitch angle (10 degree)
—Pitch angle (30 degree)

0.4 0
—Pitch angle rate (10 degree)
-5 —Pitch angle rate (30 degree)

p(rad)
1 (rad/s)

0 1 2 3 4 0 1 2 3 4
Time(s) Time(s)

FIGURES-2 THE PITCH ANGLE ANDITS RATE OFPID CONTROLLER IN SMULATION

0.6/ . 1
' A
04 ' ~Pitch angle (1.C.=10°) 0
o 02 Pitsh sngle{l.C.= 30" | @-1j———Pitch anglerate(1.C.=10°—
» ® | ~Pitch anglerate (1.C.=30°)
e n\fu -2
Y |
02} 3
4 | -4
lMn 5 10 15 20 0 5 10 15 20
Time(s) Time(s)

FIGURES5-3 THE PITCH ANGLE ANDITS RATE OF SFC IN 8MULATION

The simulation of the closddop SFCis done in SIMULINK using the odé5 method with a
variable time step. Ash®wn in Figure 5-3, two different initial pinch angleare provided to

evaluate the performance of SFC.
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—Pitch angle (10 degree)
—Pitch angle (30 degree)

/| '—Pitch angle rate (10 degr ee)|
/| —Pitch anglerate (30 degree)

FIGURES5-4 THE PITCH ANGLE ANDITS RATE OF SMC IN SMULATION

The simulation results are summarizeérigure5-4. From this table, one can see that the SMC
is better transient performance than SFC does in terms of settling time and percent of overshoot.

TABLE 5-1 TRANSIENT PERFORMANCE OF SFC WITH LQRAND SMC IN SIMULATION

SFC SMC
Initial condition 10° 3¢ 10° 3¢
Rise time (s) 0.181 0.166 3.144 4.374
Settling time (s) 2.25 3.04 1.638 2.581
Percentage of overshoot (%) 36.12 38.36 0 0

5.2 Experimental results

Thedeveloped SMC controlles afully tested inbuilt TWIP robot. Extensive tesi®done to
compare with PID and SFC controllers. The experimestltsof pitch angle and its rate of PIC

and SFC controller are shownkigure5-5 andFigure5-6.
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FIGURES-5 THE EXPERIMENT RESULTS ®& PITCH ANGLE AND ITS RATE OF PID CONTROLER
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FIGURES5-6 THE EXPERIMENT RESUI'S OF PITCH ANGLE AND ITS RATE OF SFC

In the next, to evaluate the performance of the sliding mode categbitch angle and itate
areillustrated inFigure5-7.
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FIGURES-7 THE EXPERIMENT RESUI'S OF PITCH ANGLE AND ITS RATE OF SMC
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In theexperimental tests, a big pustapplied to the TWIP robot aroumshesecondto test the

disturbance rejection ability of both controllers. FrBigure5-5 to Figure5-7, one can see that

PID, SFC and SMC can recover from the push and achselfebalancing. However, it only takes

SMC less thartwo secondsto settle in the zerangles position while SFC takes more thao

secondsandthe PID controller takesix secondso reach the selbalancing state. The video of
Youtube https://youtu.be/EKycX3Wqg9k/
https://youtu.be/abw5zxU8IBU. The expeental tests demonstrate ththe SMC controller

the experiments

outperforms the PID controller and SFC tuned by LOR.

is uploaded on

and

Table 5-2 shows the performance comparison among the presented methods, PID, SFC

controller and SMC controller designed basedtba2-DoF model. As the comparison depicts,

the overall performance ohé presented SMC is better than those of the other methods. The

settling time of the presented SMC illustratiestthe robot can react faster compared to the SMC

methods due to the consideration of 3 degree of freedoms (DoFs) for the dynamical modeling

instead of 2 DoF (yaw angle). Although the overshoot of the proposed SMC controller is bigger

than the one if31], the important point which needs to be considerdaemitial condition.

TABLE 5-2 SUMMARY OF PERFORMANCE CHARACTERISTICAIN THE LITERATURE AND CURRENT

STUDY
SMC SMC LQR PID
[current study] | [current study] | [current study]

Settling Time (s) <4 2 3.1 6
Overshoot (rad) | ~0.3 15 1.2 0.8

(smallinitial (big initial (big initial (big initial

angels) angles) angles) angles)

Robustness test No Very good Good Not good

Theinitial robotangles are remarkably bigger than those set in the SMC controllar i@ s

wor k

[31] to examine the robustness of the controll€he system can respond faster than other methods

do with bigger initial conditions because the controller is designed based on 3 DoF nonlinear

dynamical model
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5.3 Summary

In this chapteran SMC with easy implementatiovasdesigned for balancing and stabilizing
the robotbased orthe built nonlinear modeh Chapter 3 Simulation testsvere carried out to
compare the proposed SMC with a PID controller and a state feedback controller (SFC) tuned by
LQR. The experimental results demonsulatee superiority of the SMC controller to the other
controllers, including PID, SFC, and SMC in [14] tarms of transient performance and

disturbance rejection capability.

88



CHAPTER 6 EXPERIMENTS AND RESULTS CCR

6.1 ChassisCCR

Stress analysis performed on two critical components with significant forces acting on them,
the double U profile aluminum mounting hexagorddrive pillow mountingshaft[36].

6.1.1 AdhesionmechanismFinite Element Analysis (FEA)

Due to the concurrent nature of the design process, the assumptions statadnl are

used. FEASs conducted using parameters specified in

Table6-2.

TABLE 6-1 ASSUMPTION USED INCHASSISSTRESSANALYSIS

Parameter Value Justification

Mass (kg) 4.0 Maximum adhesion system mass as identified |
the specification (Sectioh.4.2

Payload (kg) 2.5  Mass of cameras and video data transmitters

Gravity (ms™) 10 Simplified for ease of calculations

TABLE 6-2 KEY FACTORS FOR THE STRES ANALYSIS OF THE ADHESION UNIT

Component Adhesion unitenounting
Material Aluminum 6082T6

Yield strength (MPa) 250

Load The noment generated 2d4m
Constraint Constrained at bolt interface
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FIGUREG6-1 SAFETY FACTORFORADHESION UNITMOUNTING WITH 24NM MOMENT

FIGURE6-2 VON MISES STRESS FORDHESION UNIT MOUNTING WITH 24 NM MOMENT
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