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Abstract

Personal mobile robots will soon be operating and closegracting with us in
human environments. Balancing mobile robots can be efleg@rsonal robots as
they can be tall enough for eye-level interaction and nagoaugh to navigate clut-
tered environments, and they also have the dynamic cajebiid move with speed
and grace comparable to that of humans. The work presentadithesis enables
balancing mobile robots to achieve fast and graceful n&agan human environ-
ments while handling disturbances and dynamic obstaclés Work particularly
focuses on the ballbot, a human-sized mobile robot thanbakon a single ball.

The natural dynamics of balancing mobile robots have to lpgoéerd in or-
der to make them achieve fast and graceful motions. Thissti@soducesshape-
accelerated balancing systeras a special class of underactuated systems to which
balancing mobile robots like the ballbot belong. They haspexial property wherein
non-zero shape configurations result in accelerationsipdsition space. This the-
sis presents a trajectory planning algorithm that planpeliajectories for shape-
accelerated balancing systems, which when tracked willlr@s optimal tracking
of desired position trajectories. It also presents expemnial results of the ballbot
with arms successfully achieving desired position spacgom® using body lean
motions, arm motions, and combinations of the two, and aisulle cases where
the arms are atrtificially constrained.

This thesis presents an integrated motion planning andadramework based
on sequential composition, which enables balancing mobiets to achieve grace-
ful navigation. It presents controllers calleabtion policiesthat are designed to
achieve fast, graceful motions in small domains of the pwsgpace that are collision-
free. It introduces th@racefully prepares relationshifhat guarantees a valid se-
guential composition of motion policies to produce ovegadiceful motion. It presents
an automatic instantiation procedure that deploys theg@®mpolicies to fill a map
of the environment, and also a motion planner that plansarsfiace of these grace-
fully composable motion policies to achieve desired navogatasks. This thesis
also presents experimental results of the ballbot suadésathieving different nav-
igation tasks while handling disturbances and dynamicauibess.
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Chapter 1
Introduction

Though the field of robotics has grown significantly over thst lfew decades, it is still in its
infancy when it comes to personal robotics. As of today, mastrobots are restricted to science
fiction movies. There are a lot of challenges in the develogroépersonal robots in all facets
of their operation like perception, intelligence, navigatand interaction. The work presented
in this thesis addresses some of the challenges in nauwigatiosobots operating in human envi-
ronments. In particular, this work focuses on developini@ti@ng mobile robots that navigate
human environments with speed and grace comparable tofthat@ans.

1.1 Motivation

Personal robots operating in human environments and stiegawith humans do not have to
necessarily look like humans but must move, act and intdkechumans. Therefore, personal
robots must be of human size, in both height and footprineyTrhust be tall enough for eye-level
interaction and narrow enough to navigate cluttered spaces

Traditionally, the robotic locomotion platforms are thi@efour-wheeled platforms that are
statically stablej.c., they stand still when powered down. However, human-sizatically
stable mobile robots, shown in Fi@.1, need wide bases to have large polygons of support,
and a lot of dead weight in their bases to keep their centeggadfity as low as possible. A
high center of gravity and/or a small polygon of support wiluse a statically stable mobile
robot to tip over easily, which is definitely undesirable. fdover, their chances of tipping over
drastically increase when lifting heavy objects as the patear of gravity can shift outside the
polygon of support as shown in Fij.2(a). This tipping behavior can also be caused by large
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acceleration or deceleration, and moving up or down steggeslas shown in Fid..2(b). The
wide bases provide large polygons of support, but makeatbtistable mobile robots unsuitable
for operation in human environments that are often narradvcuitered.

Hrry

(a) (e)

(©)

Figure 1.1. Approximate sketches of the ballbot and somtécatly stable mobile robots:af
The ballbot g1], (b) Xavier [116, (c¢) Nursebot #], (d) Minerva [127], (e) Juliet 48]. The
rectangle around the ballbot represents a standard hooseap[60]. (Courtesy:Ralph Hollis;
Appeared in§0))

The above mentioned drawbacks of statically stable rolastde avoided by building mobile
robots that actively balance, just like humans do. Unliltisally stable mobile robots, balancing
mobile robots are dynamically stable, and can be tall andngkwith high centers of gravity.
They can have small footprints as they are continually lwatey) and can accelerate or decelerate
quickly [41]. Balancing mobile robots can also avoid tipping by activebynpensating for the
shift in the center of gravity, and balance accordingly. & tipping scenarios presented in
Fig. 1.2 it can be seen that a balancing mobile robot can maintaanbalby leaning back while
carrying a heavy object, and by leaning into the ramp whiteading/descending a steep slope.

Moreover, balancing mobile robots are physically intev@ctOne can push, nudge and kick a
statically stable robot, but it is not going to respond. Hamhave the need to physically interact
with machines in their environments, especially when threytlaeir personal robotic assistants.
Balancing mobile robots are naturally reactive as they imhidy detect physical interactions
as disturbances to their balancing behavior. This makemnbadg mobile robots responsive to
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tipping moment tipping moment

(a) (b)

Figure 1.2: ¢) A statically stable robot can tip over when attempting fodi heavy weight,
whereas a balancing robot can lean to keep the total cent@ae$ over the point of ground
support; b) A statically stable robot could tip when going up or dowrpss, whereas a balancing
robot can stay balanced on slop€o(rtesy:Ralph Hollis; Appeared inq9)).

human touch75]. Moreover, balancing mobile robots can also be effectiwbile manipula-
tors [13] with the ability to maintain postural stability, generdtgces on external objects, and
withstand greater impact forces. All these charactesstiake balancing mobile robots ideal
candidates for personal robotic assistants that move nddngéeract like humans.

Balancing mobile robots include two-wheeled mobile robdte the Segway §3], one-
wheeled mobile robots like the ballbet]], and legged robots such as BigD&y] and MABEL
[31]. The continuous dynamics of all these robots can be reptedeusing simple wheeled
inverted pendulum models, and hence any navigation proeedieveloped for the simplified
models can be extended to these robots. The work presenthi ithesis focuses on simple,
balancing wheeled locomotion platforms that can be usedesopal mobile robots in human
environments. In particular, it focuses on the ballbtf]| a human-sized mobile robot that bal-
ances on a single ball as shown in Fig3(). It is a 3D omni-directional wheeled inverted
pendulum robot with a cylindrical body atop a ball. The balfully actuated, whereas the body
is not. The principle used to balance the ballbot is sameasued for balancing a sticke., if
the robot leans, a balancing controller rolls the ball indliection of the lean in order to keep the
robot upright. The ballbot has an inertial measurement iMit), which provides the robot’s
body lean with respect to gravity, and the ball is driven gdime inverse of an old-fashioned
mouse-ball drive. Recently, a pair of two degrees of freedD@K) arms was added to the
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ballbot as shown in Figl.3(). A detailed description of the ballbot’s hardware is présdn
in Chapter3. The ballbot’s dynamic stability enables it to achieve [fagtnamic and graceful
motions, while the ball enables it to achieve omnidireaiamotion, which is a key feature for
operation in cluttered human environments.

Figure 1.3: ¢) The ballbot balancingGourtesy:Ralph Hollis; Appeared inq5, 77, 78, 79, 8Q)),
and ¢) the ballbot with a pair of 2-DOF armg&urtesy:Michael Shomin; Appeared ir7f]).

1.2 Thesis Objective

As discussed in Sed. 1, balancing mobile robots like the ballbot have the dynarajgatilities
to navigate human environments with speed and grace cobipdmthat of humans, and this
thesis presents the work done in realizing such motions on&alled fashion.

The objective of the work presented in this thesis igmable balancing mobile robots like
the ballbot to achieve fast and graceful navigation in huneamironments In an attempt at
realizing the dream of placing fast, graceful balancing ilealobots as personal robots in human
environments, this work answers two major research questisted below.

RQ 1: How to exploit the natural dynamics of balancing mobile rsbto produce fast and
dynamic motions?

RQ 2: How to develop a planning and control framework that will ereagptaceful navigation of
balancing mobile robots in an obstacle-ridden environnvelnite handling disturbances?
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1.3 Challenges

The objective of the work presented in this thesis is to enallancing mobile robots like the
ballbot to achieve fast and graceful navigation in humanrenments. This section briefly
describes the challenges faced in achieving this objective

Balancing (dynamically stable) mobile robots are undemtetl mechanical systemse.,
systems with fewer independent control inputs than theesegof freedom1[1§. An interesting
and troubling factor in planning and control of such undterated systems is the constraint on
their dynamics by virtue of underactuation. These constsaare second-order nonholonomic
[99] constraints;.e., non-integrable acceleration/dynamic constraints. Tlesstraints restrict
the family of trajectories that the configurations can fell@Balancing mobile robots are desta-
bilized by gravitational forces, and hence have to mairttaiance while trying to track arbitrary
trajectories. The underactuation and the resulting utesthmamics make the navigation a chal-
lenging planning and control task. For example, in the cdsleoballbot shown in Figl.3(),
the ball is directly actuated, whereas the body is not. Maggdhere is a strong coupling be-
tween the dynamics of the ball and the body. If the ball isaablthe body falls; and if the body
is held upright by moving the ball, then the ball is not in iessdled position on the floor. Hence,
achieving desired fast, dynamic motions for balancing theaiobots like the ballbot while main-
taining balance is a challenging task.

Traditionally, motion planning and control for mobile rdabchave been decoupled. On
one hand, the motion planner takes into account the obstaclkle environment and also the
workspace constraints, but does not account for the dyrsaafithe system and the constraints
on them. It also does not have any knowledge of the limitatiithe controller used to achieve
the generated motion plans. On the other hand, the contdiles not have any knowledge of
the workspace constraints, the obstacles in the envirohoretiie navigation task it is trying
to achieve. Though it is possible to make dynamic, undeadetlbalancing systems navigate
environments using these decoupled procedures, they tame siib-optimal and result in jerky
motions that are ungraceful. Moreover, when disturbedsdahmocedures often either result in
collisions with obstacles or drive the system unstable. ré@foee, in order to achieve robust,
fast, graceful and collision-free motions for balancingaif@robots like the ballbot, the motion
planning and control should be integrated such that bothmiton planner and the controller
understand the dynamics of the system, the constraintseom, thnd each other’s details.
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1.4 The Need for Graceful Robot Motion

Balancing mobile robots have the ability to move with speed grace comparable to that of
humans. The objective of the work presented in this thedis énable balancing mobile robots
like the ballbot to achieve graceful navigation in humaniemments. This section presents the
definition of a graceful robot motion used in this work, ansbahighlights its importance.

A dictionary defines “a graceful motion to be one that is segyi effortless and natural”.
Gulati and Kuipers32] define graceful motion for an intelligent wheelchair to béast, safe,
comfortable and intuitive motion. A comfortable motion efithed as one whose velocity, accel-
eration trajectories are continuous and bounded with |loks jEhe work presented in this thesis
uses a similar definition for graceful motioAny feasible robot motion is defined to be graceful
if its configuration variables’ position, velocity and aéeeation trajectories are continuous and
bounded

Apart from being visually appealing, a graceful robot motlmas a variety of advantages.
Continuous and bounded acceleration trajectories resldwigerk. Graceful, low jerk motions
result in smoothed actuator loads/] because jerk is the rate of change of acceleration, and it
is directly proportional to the torque rate of actuatorsgtjerk motions, on the other hand,
can excite resonant frequencies of the robot, which caredribalancing system unstable. In
order to better understand the extent to which jerk and ®rate happens, let’s simulate and
compare two cases where the ballb®i][attempts to track a desired 2 m motion composed of
two trajectories, one with a continuous acceleration ttaygy and the other with a discontinuous
acceleration trajectory. The resulting jerk and torque tiajectories from tracking these motions
are shown in Figl.4. The maximum jerk in the discontinuous acceleration ca2er@m/s) is
179 times more than that in the continuous acceleration @826 m/s), while the maximum
torgue rate in the discontinuous acceleration case (1INn@8) is 15.25 times more than that in
the continuous acceleration case (7.68 Nm/s).

It has been shown in biomechanics literature that humambsteenmove such that their move-
ments minimize jerk over their entire motioA(. Minimum-jerk models have been proposed
to model arm movement4 9], and are used in various rehabilitation and haptic apfioa [2].
Smoothness is a characteristic of unimpaired human movsmand humans generally asso-
ciate “high jerk” motions to “panic” motions2] 103. Therefore, humans are unlikely to feel
comfortable around robots that have high jerk, non-smamligraceful) motions.
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Figure 1.4: Comparing the results of tracking discontinuang continuous acceleration trajec-
tories in simulation: ¢) Resulting jerk trajectory;ij Resulting torque rate trajectory.

Moreover, personal robots in human environments are liteelgngage in physical interac-
tions with humans, wherein high jerk motions can be undekras humans interacting with the
robots will experience the same. Certain physical intesastmay be more sensitive than others,
for example, guiding a visually-impaired person by hand helphing an elderly person get up
from a chair undoubtedly require graceful, low jerk motio@her tasks like carrying an open
container with fluid demand low jerk motions as fluid spillagegain undesirable. Therefore,
in order to build successful personal robots that operatderaeract in human environments, it
is important to ensure that they have graceful motions.
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1.5 Approach

This section briefly describes the approaches used in thiks twanswer the research questions
listed in Secl.2

1.5.1 Planning in Shape Space

This thesis addresses the question of achieving fast, dgmaations for balancing mobile robots
(RQ 1) by presenting trajectory planning algorithms that plathia shape space of the system
to achieve desired fast, dynamic motions in the positiospdhe configuration space of any
dynamic system can be split inposition spaceandshape spacePosition variables represent
the position of the robot in the world frame, and the dynariosiobile robots are independent
of transformations of their position configurations. Hoeeshape variables are those that affect
the inertia matrix of the system, and dominate the systenamijecs. There is a strong coupling
between the dynamics of shape and position configuratiobalancing mobile robots like the
ballbot, and this thesis presents procedures that explsitrtherent dynamic coupling to achieve
fast, dynamic motions.

Although navigation tasks are generally posed as desirg¢mnsan the position space with-
out any specifications on shape space motions, motions istthpe space cannot be ignored
for balancing mobile robots like the ballbot. Since the €hdgnamics dominate the system
dynamics, any desired motion in the position space can beessfully achieved only if an ap-
propriate motion in the shape space is planned and trackeax@mple, the ballbo#jp] cannot
track fast position trajectories while maintaining an gptiposition,i.e., zero lean angle (no
shape change) because of the dynamic coupling between ttiennod the ball and the body.
Any control attempt to do so will result in jerky motions only the system unstable. In order
to achieve fast and dynamic motions, the ballbot must leatti® 4.2 presents planning al-
gorithms that generate shape trajectorieg.(lean angle trajectories for the ballbot) using just
the dynamic constraint equations for balancing mobile tebwhich when tracked will result in
optimal tracking of desired position trajectories.

1.5.2 Graceful Navigation

The shape trajectory planning algorithms presented in@e¢2enable balancing mobile robots
like the ballbot to achieve fast, dynamic motions, but theéioms are not scalable for navigation
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purposes. Moreover, since these motions are achieveddirgatrajectories, they are not good
at handling large disturbances. Large disturbances cheraitake a balancing system unstable
or result in collisions with obstacles in the environment.

This thesis presents an integrated motion planning andadramework to achieve fast and
graceful navigation for balancing mobile robots in an oblstaidden environment while han-
dling disturbances and dynamic obstacl&¢)(2). This integrated motion planning and control
framework uses controllers call@dotion policieshat result in fast, graceful motions in small,
collision-free domains of the position space. Each motiolicp consists of: {) a motion primi-
tive, i.e., feasible state trajectories that result in fast, gracefotions in the position spacei;)

a feedback control law that tracks the motion primitive; &) a domain for its control law that
is collision-free.

Unlike traditional motion planners that plan in the spaceaddfs or paths, the motion plan-
ner presented in this thesis plans in the space of motiowipsli.c., controllers. The motion
planner chooses a sequence of gracefully composable npailmmnes to achieve the overall nav-
igation task. Local, valid motion policies that result isfagraceful and simple motions in small
domains of the position space are sequentially composesbtiupe a global motion policy that
results in a fast, graceful and complicated motion in thatpesspace. This procedure ensures
that the high-level motion planner has complete knowledglesdlow-level controller it uses, and
the low-level controller has knowledge of the environmemd e navigation task it achieves,
thereby forming a truly integrated motion planning and colftamework that enables balancing
mobile robots like the ballbot to achieve graceful navigain human environments.

1.6 Outline

Chapter2 presents the related work for this thesis. Chatgaresents the system descrip-
tion, modeling, control architecture and capabilitiested ballbot. Chapte introduces shape-
accelerated balancing systems, a special class of undatadtsystems to which balancing mo-
bile robots like the ballbot belong. It then presents anmalishape trajectory planner that plans
motions in the shape space, which when tracked will resalptimal tracking of desired motions

in the position space. ChaptBipresents a procedure to design gracefully composable motio
policies, and also presents a motion planner that plan®isghce of gracefully composable mo-
tion policies to achieve desired navigation tasks in thegmee of static and dynamic obstacles.
Figurel.5depicts a high-level overview of the work presented in thests. Chaptes presents
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Figure 1.5: A high-level overview of the work presented iis tthesis.

the conclusions and contributions of this thesis, and aisoudses some future directions of
research.
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Related Work

2.1 Balancing Mobile Robots

There has been a significant growth of interest in developalgncing mobile robots in the last
decade. Two-wheeled balancing mobile robo&S|([[34], [123, and [L2]) became popular af-
ter the introduction of th&egway Robotic Mobility Platfor83]. Rod Grupen and his group
introduced a two-wheeled dynamically stable mobile rolated uBot[12], which is used as a
mobile manipulation research platfori]. They showed that balancing robots can be effective
mobile manipulatorsl[2] with the ability to maintain postural stability, generébeces on exter-
nal objects, and withstand greater impact forces. Dean IKaneducedBot [43], a balancing
wheelchair, and demonstrated the advantages of balandieglehairs over the traditional stat-
ically stable ones. Anybots3] introduced a tele-presence robot that balances on two lathee
Mike Stilman and his group introduce8olem Krang[12Z], a two-wheeled balancing mobile
manipulator platform that has the capability of autononhpatanding and sitting. They showed
successful control strategies for two-wheeled balanadbgts that avoid low ceilings and other
vertical obstaclesl2§].

Our group introduced the ballbadd]], an omni-directional dynamically stable mobile robot
whose single-wheel design circumvents the limitation®e@ssed with kinematic constraints of
two-wheeled robots. Recently, several other groups haverbegploring single-wheel designs
[38, 55, 100. Masaaki Kumagai developed tiBall-IP [55], a ball balancing robot, and demon-
strated that it can be used in cooperative transportatiowaaiden frames6]. A group of
mechanical engineering students at ETH Zurich developeR#zerd 100, and re-emphasized
the dynamic capabilities of ball balancing mobile robots.
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2.2 Underactuated Systems

Balancing mobile robots are members of a class of underactisgistems]1g, systems with
fewer independent control inputs than the number of degreégedom. Trajectory planning
and control of underactuated mechanical systems hastatirgmowing attention over the years.
There is a large body of literature on trajectory planningrfonholonomic systems with kine-
matic constraints, ranging from theoretical foundatid&® {o practical implementations such as
multi-wheeled mobile vehiclestp, 59, 117. Underactuated systems with dynamic constraints
have been approached from the controls perspeativg @crobot swing-up]20) as well as
from the planning perspective.Q, airship path planningd]). A detailed analysis of underac-
tuated manipulators (with passive joints) from both theaiyic and control point of view was
presented in§7]. Rathinam and Murray developed methods to determine caatign flatness
of Lagrangian control systems underactuated by one c@@pl

Nonlinear control procedureg4, 45] for regulation of underactuated mechanical systems
based on partial feedback linearization were introduced i§. In [86], Olfati-Saber intro-
duced explicit cascade normal forms for underactuated arechl systems with two degrees of
freedom and kinetic symmetry. He also presented differiarstses of high-order underactuated
mechanical systems and partial feedback linearizafi@f techniques for reduction and control.
Underactuated balancing systems have unstable zero dgmaamd are called nonminimum-
phase systems. Accurate tracking of arbitrary configunatiajectories for such systems is not
possible. A variety of nonlinear inversion based approa¢hg 16] have been used in literature
to achieve approximate tracking of desired trajectoriestmh systems. One such dynamic in-
version method was developed by Neil GE&8|[ Getz and Hedrick37] developed a nonlinear
controller based on internal equilibrium manifold for naelar nonminimum-phase systems that
provided a larger region of attraction over linear reguisit@and enabled better output tracking
while maintaining balance2B]. He demonstrated these control procedures on bicycle imode
[26], which were extended by Yét al. to motorcycle modelsl33 134]. These dynamic in-
version based approaches are computationally expensigtesaanot be run real-time on robots.
This thesis presents trajectory planning algorithms theatast enough to run real-time on robots.
Shiriaevet al. [113 presented a constructive tool for generation and orbitddibzation of pe-
riodic solutions for underactuated nonlinear systems waigingle passive degree of freedom.
They achieved this using virtual holonomic constraints radsverse linearizatioril4. In
[115, they developed techniques for transverse linearizamhorbital stabilization of periodic
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motions for underactuated systems with arbitrary humbgraskive degrees of freedom. One
of the objectives of the work presented in this thesis is td functions similar to these virtual
holonomic constraints, which map desired motions in thétjposspace to motions in the shape
space.

2.3 Planning in Shape Space

Ostrowski B9] presented a formulation for undulatory robotic locomnt{@1] in mechanical
systems with nonholonomic constraints and symmetf&s [Geometric mechanics tools were
used to study the effect of internal shape changes on neggekan position and orientation.
He presented mechanical connection and reconstructiatiequ/] that relate shape changes to
momentum and positior®p]. He presented various gaits for snakeboaéd$ §nd Hirose snakes
[39], and addressed their controllability issué§][ However, planning procedures that plan for
motions in the shape space to achieve desired motions iroiegm space were not presented.

Shammaset al. presented a variety of gait design tools for principallydaratic, purely
mechanical systemd (8 111] and dynamic systems with nonholonomic velocity constsain
[109 110 117. They presented tools for generation of both kinematic dwdamic gaits,
unlike just kinematic gait generation techniques intrau [9] for snakeboards. The gaits
were defined as closed-loop motions in internal shape Vasalwvhich produced desired posi-
tion changes in the body coordinate frame, and they werergtteusindheight function$112].
However, these design tools are not applicable to dynansiesys with nonholonomic acceler-
ation constraints. Hatton and Chosaf][used the connection, which relates the body velocity
to internal shape changes, to create a set of vector fieldseoshape space callednnection
vector fields Each connection vector field corresponds to one comporighedody velocity,
and informs how a given shape change will move the systenugfrdts position space. The
main advantage of this approach is that it is not restriateghits, and can be used for any gen-
eral shape change. However, this procedure was restriegtpdricipally kinematic and purely
mechanical system4 (8 111].

2.4 Hybrid Control

Hybrid control approaches have been primarily used fordaek stabilization of underactuated
systems], 135. Sanfelice and his grou@fl, 105 presented a “throw-and-catch” hybrid control
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strategy for robust global stabilization of pendubot. Tleintrol strategy combined local feed-
back stabilizers and open-loop controls to steer statedi@jies towards desired points in state
space. They also usedaotstrapfeedback controller that is capable of steering statediajies

to a neighborhood of states where feedback stabilizersem-tqop controls can be used.

The work presented in this thesis uses a hybrid control tctire for motion planning.
In the last decade, there has been a large body of work on bgimgd control techniques for
motion planning that will avoid decoupling between plarsreand controllers. Burridget al. [10]
introducedSequential Compositigma controller composition technique that connects a peatdétt
controllers, and automatically switches between them tegee a globally convergent feedback
policy. They showed that the stability of individual cortpolicies guarantee the stability of the
overall hybrid policy, and showed results on a robot jugglanping-pong ball with a paddle.
The robustness of this approach to perturbations was alsomgrated. However, they used
a manual sequence of policies, and did not present any pigmomocedure for obtaining such
a sequence. Moreover, they used a palette of control pslttigt contained only convergent
policies.

Sequential composition was successfully applied to a tyadesystems 46, 50, 96, 107].
In [10]], Rizzi used sequential composition to simplify motion mamming for an idealized
holonomic second-order dynamical robot. Quaid and REGi¢xtended sequential composition
to planar motors with velocity and acceleration boundshé&dontrol of wheeled mobile robots,
Kantor and Rizzi46] used sequential composition to navigate a kinematic whecsobot using
visual servoing control policies with limited field of vievA variable constraint controller was
used to define individual control policies. Pag¢hl. [93] used sequential composition to define
switching policies for a nonholonomic wheelchair that iga¢es through doorways using visual
servoing with limited field of view. In both46] and [93], the defined control policies included
both convergent control policies and control policies thed exit velocities. Conneat al. [11]
called control policies with exit velocities #sw-throughpolicies.

Conneret al. [11] extended sequential composition to produce an integratetn planning
and control procedure to achieve global navigation ohjestfor convex-bodied wheeled mobile
robots navigating amongst static obstacles. They als@pted a sampling-based approach for
partially automating the policy deployment process. Coreteal. [11] primarily dealt with
kinematic wheeled mobile robots with non-circular shapesl did not deal with systems hav-
ing more complicated dynamics like balancing mobile rob®tse control policy domains were
restricted to the configuration space of the system, anddheypdeployment process was not
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fully automated. Moreover, their integrated motion planghand control procedure did not guar-
antee overall graceful motion. The work presented in thésighextends this integrated motion
planning and control framework to balancing mobile robats] also guarantees overall graceful
motion.

Beltaet al. [5] presented a hybrid control policy that used piecewise aftiontrol policies
defined over simplices. This approach involved motion piagm the space of simplices, and
the control policies were defined over simplices in ordentiuce desired closed-loop motions.
These methods were developed for fully actuated kinemabots with velocity bounds, and
underactuated kinematic unicycles with forward and tugrspeed bounds. These methods were
not presented for systems with significant dynamics likamahg mobile robots. Moreover, this
procedure did not guarantee overall graceful motion.

Manikondaet al. [67, 68] introducedMDLe, as an extension to motion description language
(MDL) presented in8]. The robot behaviors were formalized in terms of kinetatsimachines,
a motion description language, and the interaction of ieretaite machines with real-time infor-
mation from limited-range sensors. They demonstrated MiDltke area of motion planning for
nonholonomic kinematic unicycles. Sensor based triggere wsed to avoid collisions and to
switch behaviors. They used potential function based Iplzainers to plan collision-free paths
assuming a holonomic robot, and then generated feasibes pladit obeyed the configuration
constraints. This provided the sequence of control pomistiich the robot had to be steered
and then, behaviors that steered the robot to these desirgtbcpoints were selected. This
approach was still a decoupled one with no integration afitag and control. Moreover, they
used only open-loop controls, and did not account for theadognof controllers.

Marigo and Bicchi §9] developedControl Quantaas a motion planning method for driftless
systems with symmetries. Each control quantum was definad apen-loop control trajectory
with zero control inputs at the start and the end, and thezefbonly resulted in a rest-to-rest
motion of the system. Kovaat al. [54] introducedMotion Graphsto build complex motions of
animated figures from motion-capture sequences. The mo#pture sequences formed motion
primitives, and given a finite number of motion primitivegnation graph was constructed as a
directed graph representing rules of their valid sequkecdimposition. They defined two motion
primitives to be sequentially composable if one primitsvehd state was “close enough” to the
start state of the other. Therefore, two motion primitivas be sequentially composed as long
as discontinuities in their state trajectories are notgieable by the user. However, for purposes
of robot navigation, this approach results in ungracefuliomoof the system.
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Frazzoliet al. [20, 21, 24] introducedManeuver Automatas a generalization of control
quanta §9] and motion graphs34]. They used open-loop maneuvers and steady state (trim)
trajectories as motion primitives, and these motion pnreg were concatenated based on pre-
defined relationships. They used algorithms based on Rapigiioring Random Trees (RRT)
[62] for motion planning in maneuver space, and demonstratgdeagive maneuvering capa-
bilities of autonomous helicopters in simulatidB8[ 25]. The algorithm presented did not deal
with coverage but rather, stopped when a sequence of matiatiges to the goal was found.
Therefore, every time the state exited the defined domagmltiorithm had to replan. They also
presentedRobust Hybrid Automatg0, 22] that used closed-loop control for its maneuvers. Al-
though this approach ensured overall stability of the ddsep system while switching between
motion primitives, it did not ensure closed-loop gracefuaition.

Russ Tedrakel]24, 125 introducedLQR-trees a feedback motion planning algorithm that
combines locally valid linear quadratic regulator (LQR) toters into a nonlinear feedback
policy that globally stabilizes a goal in state space. LQdegrconsist of a sparse set of feasible
trajectories to the goal stabilized by LQR controllers glavith conservative estimates of their
basins of attraction. The algorithm probabilistically eocs the bounded state space with such
basins and ensures that the initial conditions capableaghiag the goal will stabilize to the goal.
The estimation and verification of stability regions are paationally expensive, and hence do
not allow real-time planning. However, the approachesgresl by his groupl25 12§ to
estimate invariant domains for control policies can be usethe design of motion policies
presented in this thesis. Recently, his group presentedfiamecdpproach to design a library of
parameterized feedback controllers that can be used fetimemotion planning §5].
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The ballbot

The ballbot is an underactuated, dynamically stable mabbet that balances on a single ball.
It is a 3D wheeled inverted pendulum robot that is capablenafidirectional motion.

3.1 History

In 2005, Ralph Hollis from the Microdynamic Systems Laboratat Carnegie Mellon Univer-
sity, Pittsburgh, USA built the first successful ballbé1]shown in Fig.3.1 It was intentionally
built to be of human-size with the vision of developing taldaskinny robots that navigate hu-
man environments. A general discussion on the capabihiesadvantages of such balancing
robots was presented id]]. Tom Lauwers and George Kantor were the first to make the ball
bot successfully balance and stationke@@ p1]. The ballbot uses a triad of legs to gain static
stability when powered down as shown in F&gl(c). In 2006, Anish Mampettab] explored
different approaches to enable the ballbot to automayi¢edhsition from this statically stable
state (Fig.3.1(c)) to the dynamically stable, balancing state (HdL()). In the same year, Eric
Schearer]07] explored the dynamic effects of adding arms to the ballbaimulation. He also
developed unified arm, balancing and stationkeeping clbertsan simulation. Kathryn Rivard,
Suresh Nidhiry and Kalicharan Karthikeyan played a sigaiftaole in the development of the
hardware drivers and the initial simulation software fag tallbot. Until 2007, the ballbot was
able to balance, but didn’t do much else.

This thesis presents the work done with the ballbot sinc& 200e first contribution of the
work presented in this thesis is to have enabled the baltbbatance reliably, to be robust to
disturbances, and also to be physically interactive.
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Figure 3.1: The ballbot: (a) CAD drawing with its principalmponents marked; (b) balancing;
and (b) statically stable with the legs dowR.aurtesy:Ralph Hollis; Appeared inq5, 80])

3.2 System Description

This section presents a detailed description of the badlbardware designed and built by Ralph
Hollis. The work presented in this thesis does not involve dlesign of any of the hardware
components described below, but involves the design ofalberts for these components, which
are described in Se8.5.

The ballbot shown in Fig3.1 consists of a cylindrical body on top of a ball. FiguB&.(a)
shows the CAD drawing of the robot with its principal compaisanarked. The body consists of
three aluminium channels held together by reconfiguralbdeileir decks and is about 1.5 m tall,
with a diameter of 368 mm and a weight of about 52 kg. The balsts of a hollow aluminium
sphere of 185 mm diameter coated with polyurethane of 12.7tinickness. The robot is self-
contained with all required components for operation oardoThe 48 V lead acid batteries are
on the top deck, and can power the robot for a few hours. Thet'sbody also houses a battery
charger on one of its top decks. A Crossbhow VG700CA inertialsusament unit (IMU) with
three fiber optic gyroscopes and three micro-electromechksystems (MEMS) accelerometers
is fixed on one of the lower decks on top of the ball drive urtipprbvides Kalman-filtered roll
and pitch angles of the body w.r.t. gravity, and also prowia, pitch and yaw rates.
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Figure 3.2: Four-motor inverse mouse-ball drive and yaweadria) view showing main drive
arrangement, (b) view showing yaw drive mechanisi@ourtesy: Ralph Hollis; Appeared in
[76, 80))

3.2.1 Four-Motor Inverse Mouse-Ball Drive

The ball drive mechanism, shown in Fig.2(), is the inverse of an old-fashioned mouse-ball
drive. It consists of four rollers, a pair each for orthogomation directions, actuated by four
individual DC servomotors. The first version of the inverseuse-ball drive §0] had a pair of
drive and opposing passive rollers. This setup resulted mraesirable “hopping motion” with
the drive rollers producing an additional upward or dowrdhvimrce on the ball. This problem
is avoided in the current design by actuating all four rallef the inverse mouse-ball drive
mechanism.

3.2.2 Yaw Mechanism

The ball drive mechanism is attached to the body using a tArgesection bearing, which allows
yaw rotation of the bodyi.e., rotation about its vertical axis. The yaw drive mechanisnoyen

in Fig. 3.2(p), consists of a DC servomotor with planetary gears drivingleep assembly at the

center. An absolute encoder attached to the pulley assegndyg the orientation of the body
frame w.r.t. the ball drive unit. A slip ring assembly at tlemter is used for drive motor currents
and encoder signals, and allows unlimited yaw rotation eftbdy. The ballbot’s first design in
2005 did not include the yaw drive mechanism, and it was addédin 2007.
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Figure 3.3: Leg drive: ) Various components of the leg drive mechanishh légs completed
retracted, andd legs completely deployedCpurtesy:Ralph Hollis; Appeared inq4, 80])

3.2.3 Legs

Each aluminium channel on the ballbot’s body houses a leég#rabe deployed to achieve static
stability when powered down. The leg drive mechanism, shimwaig. 3.3, consists of three
independent DC servomotors, each driving a leg of lengtB th4n a linear screw attached to
the channel. The tip of each leg has a hoof switch, which $gtscontact with the floor, and a
ball caster, which allows the robot to roll on the floor wheraiatatically stable state. The legs
enable the ballbot to switch between the statically statale swith the legs down as shown in
Fig. 3.1(c) to the dynamically stable state, balancing as shown in3igb).

3.2.4 Arms

In 2011, Ralph Hollis and Byungjun Kin8[] designed and built a pair of 2-DOF arms for the
ballbot as shown in Fig3.4(e). Each arm is an aluminium tube that is 0.457 m long and 0.89 mm
thick with a changeable dummy weight (up to 2 kg) at its ence @hm attaches to its drive unit
through a shoulder structure shown in B¢ ().

Each arm is actuated by a pair of series-elastic actuatach, & which consists of a custom
designed helical spring with a torsion coefficient of 16.3n/Md, a brush DC motor with a
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Figure 3.4: ¢) The ballbot with a pair of 2-DOF arm£purtesy: Michael Shomin; Appeared
in [73]), and () 2-DOF arm with series-elastic actuato@o{irtesy:Ralph Hollis; Appeared in
[73, 81]).

torque of 0.12 Nm at 3000 RPM, a 91:1 planetary gear train, a2@d@ counts per revolution
(CPR) encoder. Each actuator connects with a pair of beves géayear ratio 1:2, and a 1024
CPR optical encoder is attached to the end of the bevel ge#r Stee differential with three
miter gears combines the torque from each actuator. Theeadrive unit is fixed to one of the
top decks just below the batteries. The trajectory trackmgtrollers for the arms were designed
and tested by Byungjun Kin8[].

3.3 Dynamic Models
This section presents the equations of motion of the baltive without arms and another with

arms.

3.3.1 3D Ballbot without Arms

The ballbot without arms shown in Fi§.1is modeled in 3D as a rigid cylindrical body on top
of a rigid spherical wheel/ball with the following assunauts: ¢) there is no slip between the
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ball and the floor; andi{) there is no yaw/spinning motion for both the body and thé bal,
they have two degrees-of-freedom each. For ease of undéisgethe ballbot’'s configurations,
a planar version of the ballbot with its planar configurasiesmshown in Fig3.5.

Figure 3.5: Planar ballbot model with ball and body configjores shown (Appeared iV, 76,
78,79, 80).

The origin of the coordinate frame used to derive the dynanudel is at the center of the
ball. The body anglesy;, ¢,) represent the roll and pitch angles of the body respegtiweit.
the ball center. The ball angle§,(6,) are chosen such that theandy coordinates of the
position of the ball center are given by= (6, + ¢,) andy = r(6, — ¢,). These ball angles
correspond to the rotation measured by the encoders on lthediars. The configuration vector
q € R™!is given byq = [0,,0,, ¢, ¢,]".

The forced Euler-Lagrange equations of motion along wighftittion terms are given by:
(3.1)

where,.Z(q,q) = K(q,q) — V(q) is the Lagrangian with kinetic energy(q, ¢) and potential
energyV (q), D(q) € R**! is the vector of frictional terms, ande R**! is the vector of gener-
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alized forces. The forced Euler-Lagrange equations canrlteevin matrix form as follows:

M(g)i+ Clg,9)i + G(q) + D(g) = [ O ] , (3.2)

where,M(q) € R*** is the mass/inertia matrix; (¢, ¢) € R*** is the Coriolis and centrifugal
matrix, andG(q) € R**! is the vector of gravitational forces. These system maraze given
below.

om0 TS, e G,
,,,,, 0 i ommmeCele, o0
M(q)= —Y254, 54, =1 —72Cs, | Ixx+71+7721+2720¢m : —725¢, 54, ;
S o LA +7sC2,
L 11+720,Cs, : 0 : —725¢, 54, : +272C5,Cs,
(3.3)
0101 =72(Cou 86,0086, Co, ) | =12(S6.Co, 00+ Co S0,) |
0,00 wSed . o .
Cled=10,0, _:@ig‘éa(bf ,,,,,, L i E’*?@%a@ ,,,,,, ’
3 3 —72C¢, S, Oz ' 3 —(725%0%‘1‘735%0%)&
| 01001 —(7255,C5, +7355,Cs, ) by =720, 5,9y ]
(3.4)
0
G(q) = **;;Q”** , (3.5)
. f%%ﬁfq@ .
220y, S,

where,S; = sin (i), C; = cos (1), 71 = Ly + (my+m,)r?, v = mplr andys = mbEQ—i—];jy—Ib

zz"
The other symbols represent system parameters whose nathesraerical values are shown in
Table3.1
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The vector of frictional term#)(q) is given by:

D,sign(6,) + D,0,

D,sign(0,) + D,0
D(q) = sign( gH “ (3.6)

where D, is the Coulomb friction torque, anf, is the viscous damping friction coefficient,
whose numerical values are presented in T&bleThe vector of generalized forcesc R**! is
given by:

B cos (¢y) O T
- | E] @

where,J € R*** is the Jacobian matrix," and7," are the motor torques on the ball.

It is to be noted that the ball anglséém, Gy) form the actuated variables, whereas the body
angles(¢,, ¢,) form the unactuated variables. The last two equations ofamah Eq. 3.2,
which correspond to the unactuated degrees of freedom Heel dgnamic constraintsThese
second-order differential equations form non-integraiolestraints 8] on the dynamics of the
system, and are also knownsecond-order nonholonomic constraint$ie dynamic constraints
for the 3D ballbot model without arms are given by the follogitwo equations:

. I . .
—7284, 54,02 — (71 +72C4, ) 0y + (1w +m +772+2%C¢1)¢x —7254, 54,0y

—W25¢w¢i+735¢w0¢x¢§—%S%C% — 0, (38)
<71+72C¢w0¢y)éw—725¢x5¢y95x+(fzer%+73C§x+2720¢x0¢y)g5y
ﬂ20¢z5¢y¢3—72O¢15¢y¢5§—2(725¢z0¢y+73S¢ZC¢I)M’>@,—VL7F0%5% — 0, (3.9)

where,S; = sin (i), C; = cos (i), 1 = L+ (mp+mu)r?, 72 = mplr andys = mp?+ 1) —17,.
It can be seen from E®.8and Eqg.3.9that the dynamic constraint equations are independent of
the position and velocity of the balle., (6., 0,,0.,0,).
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3.3.2 3D Ballbot with Arms

The ballbot with arms is modeled as a rigid cylinder on top afgad sphere with a pair of
massless arms having weights at their ends. The model miagdsltowing assumptions:iY
there is no slip between the ball and the floor; aiythere is no yaw/spinning motion for either
the ball or the body or the armée., they have two degrees of freedom each. A planar version
of the model along with its planar configurations is shownim B.6.

Figure 3.6: Planar configurations shown in a planar modeladibbt with arm (Appeared in
[73, 81)).

There are eight configuration variables for the 3D ballbotdelavith arms represented by
q=10,0',0",¢], where = [0,,0,]" are configurations of the bally = [/, a}]" are configu-
rations of the left armq” = [a, o/ ]" are configurations of the right arm, and= [¢,, ¢,|" are
configurations of the body. The forced Euler-Lagrange equsatof motion of the ballbot with

arms can be written in matrix form as follows:

M(q)ji+ Clq,4)q¢+G(q) =

0] , (3.10)

where, M (q) € R®*® is the mass/inertia matrix;(q, §) € R®¥*® is the matrix of Coriolis and
centrifugal termsG(g) € R®*! is the vector of gravitational forces, and= |7y, To,, 7a,]’ €
R5*1 is the vector of generalized forces. The vector of body andamfigurations is represented
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asq, = [a!, a", ¢] € R5*!, These variables are callstape variablesand their significance will
be explained in Chapter. The system matrices in E§.10are of the form given below:

M09 MGQZ(QS) M@oﬁ(Qs) M@d)(Qs)
MM@(QS) Malal<q8> Mala"'(qs) Mald)(qs)

M(q) = , (3.11)
MaT@(QS) MaTal(QS) Moﬂoﬂ (qg) Moﬁ(ﬁ(Qs)
M¢0(Qs) M(;Sal(QS) M(ﬁar (QS> MM(QS)
0 C@al <QS7 QS> C&a" <QS> QS) C@d)(Qsa QS)
C(q CI): 0 Calal(QSaqs) 0 Cquﬁ(des) (3 12)
7 0 0 Coﬁoﬁ (qsa QS) Coﬁqﬁ(qsa QS) , .
0 C(iwzl (qs7 QS) C¢ar (%7 QS) C¢¢<st qS)
0
G (4.
Glg=| G| (3.13)
Ga’" <QS)
Go(gs)

where, each\/;; € R?*?, eachC;; € R**? and each; € R**!. Equations3.11to 3.13show
that the system matrices are independent of the positiovalodity of the ball;.e., (6, §), and
are dependent only on the shape variables and their velsgiti., (¢,,q,). The elements of
all the submatrices shown above are presented in detail peAgixA. It is to be noted that
the body configurationg are unactuated, whereas the rest of the configurations arated.
The last two equations of motion corresponding to the ursdetiivariables form thedynamic
constraintequations. These amecond-order nonholonomic constrairgs they are not even

partially integrable 88]. The dynamic constraint equations in Bj10can be written using the
submatrices as follows:

Myg(qs)0 + Mepa, (qs)ca + Mpa, (gs)ér + Mpg(qs)d + Coay (G, ds)cu
+C¢ay-(qsa st)dr + C¢¢(Qsa QS)¢ + G(b(Qs) = 02><1' (314)

It can be seen from E@.14that the dynamic constraint equations are independenéegfdkition
and velocity of the balli.c., (6, 6).
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3.4 Parameter Estimation Experiments

This section presents a variety of experiments that werewded on the ballbot to estimate
its principal system parameters such that the dynamicseoBih ballbot model better match
the dynamics of the real robot. The design of these expetahsetups, and the successful
estimation of the system parameters are contributionseoivibrk presented in this thesis.

3.4.1 Inertia Measurement

A torsional pendulum setud B2 was used to experimentally estimate moments of inertia of
the body. The ballbot’s body was suspended about its ceht@aes using a torsional spring
as shown in Fig3.7, and its oscillations after an initial disturbance wereesleed. The angular
velocity trajectory of the body obtained from the IMU, shownFig. 3.8, was used to find its
frequency of oscillations.

frame

S — '3
uep ori/ Torsion wire—y»|

- 4—1-#7_. T

Small gap

Figure 3.7: Torsional pendulum setup with ballbot suspdmurpendicular to its lengtiCour-
tesy:Ralph Hollis; Appeared in76, 80]).

The torsional spring constant was obtained by performimgstime experiment with an I-
beam whose moment of inertia was known. The torsional smamgtants’ is given by

K = Iw?, (3.15)

where [ is the moment of inertia of the suspended object, @pds its natural frequency of
oscillations. Therefore, the moment of inertia of the bodgu its center of mass is given by

w%—beam
Ibody = IT beam 2 . (316)

body
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Figure 3.8: Damped sinusoidal oscillation used to deteentiie ballbot's moments of inertia
(Appeared in 76, 80]).

The moments of inerti&’, and[j;y of the ballbot’s body were obtained by suspending it perpen-
dicular to its length as shown in Fig.7, wheread®, was obtained by hanging the ballbot’s body
vertically about its vertical axis. The estimated momerineftia values from these experiments
are shown in Tabl&.1

3.4.2 Friction Modeling

The Coulomb friction torque and the viscous friction coeéfitiwere experimentally determined

using the setup shown in Fi§.9, where the ballbot stood on a roller ball with its body con-
strained vertically. A ramp current input of slopewas given to the ball drive motors, and the
angular velocity trajectory of the ball was recorded. Thaimum current required to start the

ball rolling is called the breakaway current, which when tiplied by the torque constarit’;

of the drive unit gives the Coulomb friction torque.. The experiment was repeated with the
current vector at Sintervals.

After breakaway, the equation of motion of the ball can betemias

L = 7t) =7, —D,, 6>0 (3.17)
= Kymt— D,0 — D,, (3.18)

wherer, is the viscous friction torque. The plot of the ball’'s angulelocity trajectoryd(t) after
breakaway can be approximated by a line of constant sl¢pé as shown in Fig3.10 Hence,



3.4 Parameter Estimation Experiments 29

Ballbot ball

Ball castor——»

Figure 3.9: Ball rolling on the roller during friction test€qurtesy:Ralph Hollis; Appeared in
[76, 8Q)).

the angular velocity can be written as

0 = ct—d, >0 (3.19)
6 = c. (3.20)

Solving Eq.3.18-3.20 we get
p, = &im (3.21)

(\V]
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Figure 3.10: Ball response to the ramp current inputs to tHellbee motors used for determing
coulomb and viscous friction terms (Appeared 89]).

The radial plots of Coulomb friction torque and viscous fantcoefficient in different drive
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directions are shown in Fi@.11 Table3.1 presents the average coulomb friction torque and
viscous friction coefficient values that are used in simarat

270

(a) (0)

Figure 3.11: Radial plots as functions of drive directiong:Goulomb friction torqueD,. (Nm);
(b) Viscous friction coefficienD, (Nms/rad). (Appeared irgp))

3.5 Control Architecture

This section provides a brief description of the differeantrollers used on the ballbot. The
design and successful implementation of these contratersontributions of the work presented
in this thesis. The videos of the ballbot achieving the expental results presented in this
section can be found in Viddo. 1.

3.5.1 Balancing Control

The balancing controller, for obvious reasons, is the singbst important controller on the
robot. The balancing controller takes desired body angles,the roll and pitch angles of the
body, as inputs, and balances the robot about these desigdibgles. The desired body angles
are zero for a pure balancing operatian,, standing still. Since the body angles are unactuated,
the balancing controller cannot directly track the deslvedy angles. The balancing controller
indirectly achieves this objective by actuating the balttsthat the projection of the body’s
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Table 3.1: System Parameters

| Parameter | Symbol| Value \
Z-axis CM from ball center l 0.69m
Ball radius r 0.106 m
Ball mass m 2.44 kg
Ball inertia I, 0.0174 kgm
Roll moment of inertia about CM | 12, 12.59 kgm
Pitch moment of inertia about CM I;’y 12.48 kgm
Yaw moment of inertia about CM | 17, 0.66 kgn¥
Body mass my, 51.66 kg
Coulomb friction torque D, 3.82 Nm
Viscous damping friction coefficient D, 3.68 Nms/rad
Torque constant for the ball drive | K; 2.128 Nm/A

center of mass on the floor tracks the projection of the deésiemter of mass obtained from
desired body angles as shown in R3gl2

The balancing controller consists of two independent adletrs, one for each of the vertical
planes. Each one is a Proportional-Integral-Derivatiu®)ontroller whose gains were tuned
manually. When the real ballbot balances, the variationsgbitich angle remains withi#0.05
as shown in Fig3.13 Similar results were obtained for the roll angle.

Balancing Controller

Station b, . » 0
. Balancing| ¥ | Ballbot > () .
keeping ¥/ > PID ] x = fx,u) >(!)9
PD ) A : > ¢
¢sin(+)
"
[ |« O«

Figure 3.12: Block diagram for the station keeping controléh the balancing control block
(Appeared in 76, 80]).

3.5.2 Outer Loop Control

The balancing controller is good at balancing about desicety angles but does not achieve any
desired ball position on the floor. This is achieved by usimguater control loop around the bal-
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Figure 3.13: Pitch angle of the ballbot’'s body while balawgcabout a zero desired body angle
(Appeared in 76, 80]).

ancing controller, as shown in Fi§.12 The outer loop controller provides desired body angles
to the balancing controller. This section presents tworeloi@ controllers: {) stationkeeping
control, and {z) velocity control.

Stationkeeping is the act of balancing at a desired posgem when disturbed. The station-
keeping controller is a Proportional-Derivative (PD) gotier that outputs desired body angles
depending on the error between the ball’s current and akgositions. The PD controller’s angle
outputs are saturated to avoid large lean angles, and its gaire tuned manually. FiguBel4 )
shows an XY plot of the position of the ball on a carpeted flds.one can see, the balancing
controller is able to keep the ball close to its starting pomthe floor to within about-10-15
mm when the robot is not disturbed. Unlike the balancing raletr, the stationkeeping con-
troller keeps the ball close to its starting point even whistudbed. The XY plot of the ball’'s
position when the body is pushed in all four directions isvamin Fig. 3.14().

The velocity controller is a manually tuned Proportionatielgral (P1) controller that outputs
desired body angles depending on the error between the loalltent and desired velocities.
The velocity controller is concerned only with the ball'dagty and does not bother about its
position. The velocity controller has two major applicaspone as a stopping controller, which
enables the ballbot to slow down and come to rest when seljéctlarge disturbances; and the
other for teleoperation of the ballbot wherein the user cawvige velocity commands using a
joystick. Just like the stationkeeping controller, thelarautputs from the velocity controller are
also saturated to avoid large lean angles.
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Figure 3.14: Balancing at a position: (a) ball track on theeged floor using only the balancing
controller, (b) operation of the station keeping contnolden the body is pushed off its position.
(Appeared in 6, 80])

3.5.3 Yaw Control

In the present control architecture, the yaw controllereisalipled from the balancing controller
for simplicity and ease of control. It consists of two loost inner Pl control loop that feeds
back the yaw angular velocity, and an outer PD control loop that feeds back both the yaveang|
¢ and the yaw angular velocity, as shown in Fig3.15 The desired angular velocity output
from the outer-loop position controller is saturated toidvnigh angular velocities that could
potentially drive the balancing system unstable.

v Velocity control curi.fent Ballbqt
+7 PI I yaw drive

v IMU \V[

Position control
/|« D

iH
+t\€ <

Figure 3.15: Block diagram of the yaw controller (Appeare{i7@ 80]).

During the yaw motion, the IMU attached to the body frame teawhile the ball drive
unit does not. The angle offsgt between the drive unit and the body frame is given by the
absolute yaw encoder. The balancing controller requiresr@sponding rotation transformation
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to be performed on the roll and pitch angles from the IMU inesrtb transform them into
the coordinate frame of the ball drive unit. Figu3el6 shows selected frames of the ballbot
performing a 360yaw motion while balancing, and the corresponding yaw aarqulbt is shown
in Fig. 3.17. The results show the capability of the robot to rotate irc@lavhich will be useful
when the ballbot uses its arms to manipulate objects. Theisighdoes not present any work on
navigation of the ballbot using the yaw motion. For all thpenxmental results presented in

Chapterd and Chapteb, the yaw controller was used to ensure that the body did netwiaile
the ballbot was in motion.

Figure 3.16: Selected frames of 36w motion video (Appeared irYp, 80)).
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Figure 3.17: 360yaw motion of the ballbot’s body while balancing (Appeared6, 80]).
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3.5.4 Leg Control

As mentioned in Se@.2, the ballbot deploys its three legs to achieve static stabilhis implies
that the ballbot has two states in terms of stabilitya(Dynamically Stable State (DSS), in which
it balances on the ball; and) a Statically Stable State (SSS), in which it rests withtakbe legs
fully deployed. The ballbot is capable of moving in both thesates§6]. In DSS, the ballbot
moves around by balancing on the ball and leaning its bodierdesired direction of motion,
whereas in SSS, the robot moves by rolling the ball with althtree legs sliding on the floor.
The ball caster at the tip of each leg makes this sliding ptessHowever, in SSS, the motion
is restricted to only smooth planar surfaces. The leg cbptays a vital role in the automatic
transition between DSS and SSS, which is a requirement fahyagutonomous ballbot.

All three legs have independent controllers for both Igt@nd deploying operations. The
legs-up controller is a Pl velocity controller that stopsemtthe legs hit the body.e., the leg
motors stall. The legs-down controller uses two contropksimilar to the yaw controller shown
in Fig. 3.15 The inner PI control loop feeds back the velocity of the &eg] the outer PD control
loop feeds back both the position and velocity of the leg. [Bgs-down controller stops when
the hoof switches at the tip of the legs hit the floor.

The legs-up controller and the balancing controller can dfeduled to operate together
such that the ballbot transitions from SSS to DSS. This wasdemonstrated by Anish Mam-
petta p6]. However, the simultaneous operation of the legs-up otletrand the balancing
controller created large transients because the ballbotly is not always vertical (zero body
angles) when the legs are down. In order to achieve smoathkiti@n, the body angles must be
close to zero before lifting the legs up. This is achieveagishe legs-adjust controller shown
in Fig. 3.18 which is a contribution of the work presented in this thedi¢éhen all three legs
are fully down, the legs-adjust controller changes thetmospf the legs to achieve zero body
angles. This is done with the knowledge that the three ledslanbody form an overconstrained
spatial linkage 129.

The top view of the ballbot with all three legs deployed iswhan Fig. 3.19@). The spatial
linkage consisting of the ballbot and the three legs att&dbethe floor with PR joints was
simulated in Open Dynamics Engine. For each leg, the leg mstmoved up and the effect of
the position of the leg nut on the body angles (both roll atchpiwas recorded. In Fi®.19(@),
it can be seen that the position of leg 1 affects only the ditatation abouty axis) and not the
roll, while the positions of legs 2 and 3 affect both. A graplowing the position of leg 1 as a
function of the body pitch angle is shown in F&19¢). Similar graphs hold for legs 2 and 3.
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Figure 3.18: Block diagram for the legs-adjust controllepg&ared in 76, 80)).
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Figure 3.19: ¢) Top view of the ballbot with all three legs deployed) Position of leg 1 as a
function of body pitch. (Appeared irYf, 80])

The legs-adjust controller controls the position of leg lathieve the desired pitch, and
controls the positions of legs 2 and 3 to achieve the desokdAs can be seen in Fig.190),
the relationship between the leg positioand the body angle is approximately linear of the
form £ = Kj.,¢ + ciey. This relationship was used to create a PID controller tdaisss the
positions of the legs so as to tilt the body to desired roll pitch angles as shown in Fig.18
This controller facilitates a smooth automatic transitfoom SSS to DSS as the initial body
angles can be adjusted to be close to zero. While transiidnim DSS to SSS, the balancing
controller is turned off when the hoof switches on the leggact the floor. A flow chart of this
automatic transition procedure is shown in B0 Figure3.21shows selected frames from a
video of the ballbot automatically transitioning from S®3XSS, and vice versa.
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Auto transition

Balance
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Turn off
balancing
Legs adjust
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&
balance

Figure 3.20: Flow chart for the automatic transition opera{Appeared inT6, 80]).

Figure 3.21: Selected frames of the automatic transitiomf&SS to DSS, and vice versa (Ap-
peared in 6, 80]).



38 The ballbot

3.6 Human-Ballbot Physical Interaction

Humans are physically interactive with everything in trexivironments and hence, robots oper-
ating in human environments must handle physical inteyastwith humans and objects(q.
The dynamic stability of balancing mobile robots like thdiltbat naturally enable them to achieve
several interesting physically interactive behaviais [some of which are described below. The
videos of the ballbot performing these physically intekecbehaviors can be found in Vidén2.

3.6.1 Ease of Mobility

Humans should be able to physically move a robot operatirtfeir environments with ease.
The ballbot, while balancing, can be physically moved acbwith little effort. It is generally a
difficult task to physically move a heavy statically stablebite robot, whereas the ballbot can
be moved around with just a single finger as shown in 8igd«). In addition to this, humans
should also be able to physically stop and control a robotaipe in their environments with
minimal force. The ballbot can be stopped with little effeven while it is in motion. It can also
be dragged around using a passive lever hand that is attézloe@ of its channels as shown in
Fig. 3.220).

(a) (6)

Figure 3.22: Moving the ballbot:aj with a finger; ¢) with a passive lever hand (Appeared in
[75, 80)).
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3.6.2 Robustness

Robots operating in cluttered and/or crowded human enviemsnshould be robust to distur-
bances, user mistakes, and even ill-treatment to a cerégred. The ballbot is robust to large
disturbances like even shoves and kicks as shown inFRB The ballbot can also handle
collisions with furniture and walls.

Figure 3.23: Kicking the ballbot (Appeared ii4, 80]).

3.6.3 Human Intent Detection

The force exerted by a human on the ballbot directly cornredpdo its acceleration, which
can be used to detect certain basic intentions. For exarmeft push can be considered as
unintentional, whereas a hard push can be interpreted ava amay command. The ballbot’s
response to such human intentions is shown in 8ig4d When given a soft push, the ballbot
continues to stationkeep at its current posittbnwhereas given a hard push, it moves away and
stationkeeps at a different positi@ on the floor.

3.6.4 Learn and Repeat

One can use physical interactions to teach different tasksltots. This section presents some
initial results of a learn and repeat behavior using theboallin the learn mode, the human user
physically moves the ballbot in a desired path, and in theaemode, the ballbot attempts to
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Figure 3.24: Human Intent Detection (Appearedis,[80]).

track the learned path. The ballbot’s attempts at repeafipgoximate linear and circular paths
learned from the human user are shown in Bigs

0.4
z —— Recorded Path z —— Recorded Path
= 2 — — Playback Path = — — Playback Path
S S 02
2 e}
E= b=
o @]
a1 o 0
® ®
2 2
3 5 —0.2
> 0 >
—0.4
0 1 2 —-0.6 —04 —-0.2 0 0.2
X Linear Position (m) X Linear Position (m)
(a) (b)

Figure 3.25: Learn-Repeat behavior: (Approximate)Ll(inear and §) Circular Motion. (Ap-
peared in 5, 80Q])

3.6.5 Ballbot Interface and Teleoperation

The ballbot has a highly interactive graphical user intsgfthat allows wireless teleoperation of
the robot using a joystick. A high-level overview of the Iball's software architecture for the
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entire work presented in this thesis is shown in gL In addition to the behaviors presented
above |9, the ballbot has been reliably teleoperated at fast wglispeeds for hundreds of
meters over surfaces ranging from vinyl tile to carpet togltoaoncrete to metal gratings. The
ballbot was also successfully teleoperated on ramps wigtearup to about4 The ballbot was
able to drive into and out of elevators and over the cracksmaisdlignment between elevator
cars and floors with ease. The ballbot was also able to drivendpdown a two-story helical
ramp with ease.

3.7 Summary

This chapter introduced the ballbot developed by Ralph Bl@itiCarnegie Mellon University,
Pittsburgh, USA. It presented the history of the ballbot] details of its hardware. It also pre-
sented the dynamic models of the 3D ballbot with and withomsaand the parameter estimation
experiments that were conducted to estimate the princyséés parameters. This chapter then
described the control architecture for the ballbot, whiskdia balancing controller to stabilize
the system, and an outer loop controller for stationkeepimyvelocity control. It also described
the controllers developed for yaw control and leg contmoladidition to the legs-up and the legs-
down controllers, a controller that adjusts the positiohthe legs to enable smooth automatic
transition from the statically stable state to the dynaitjicaable state was also presented. The
balancing controller enabled the ballbot to be robust ttudisnces including pushes, kicks and
even collisions with walls and furniture. It also enabled Hallbot to be physically interactive.
This chapter also presented experimental results denatingtrsome interesting human-robot
physical interaction behaviors with the ballbot. The cilmiion of the work presented in this
thesis is not in the design of the hardware, but in the desidgheocontrollers that enabled the
ballbot to balance and operate reliably.
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Chapter 4
Planning in Shape Space

Balancing mobile robots like the ballbot are capable of mgwuith speed and grace comparable
to that of humans because of their dynamic stability. Thisptér presents trajectory planning
algorithms that exploit the natural dynamics of balanciraite robots like the ballbot to achieve
desired fast and dynamic motions (answelRQ 1). This chapter introduces a special class of
underactuated systems callgldape-accelerated balancing systetmsvhich balancing mobile
robots like the ballbot belong. It then presents a trajgcanner that plans motions in the
shape space, which when tracked will result in optimal tiraglof desired fast and dynamic
motions in the position space.

4.1 Underactuated Mechanical Systems

The forced Euler-Lagrange equations of motion for a medahisiystem are given by:
(4.1)

whereq € R" is the configuration vector?(q,q) = K(q,q) — V(q) is the Lagrangian with
kinetic energyK(q, ¢) and potential energy’(¢), andr € R™ is the vector of generalized
forces.

A mechanical system satisfying E41is said to be annderactuated systefhlg if m < n,
1.e., there are fewer independent control inputs than configuratariables. Equatioa.1can be
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written in matrix form as follows:

M(q)§+C(q,4)q + G(q) =

0 ] ) (4.2)

whereM (q) € R™*" is the mass/inertia matrix;(q, ¢) € R"*" is the Coriolis and centrifugal
matrix, andG(q) € R™ is the vector of gravitational forces.

The ballbot without arms, shown in Fi§.1(), has four configuration variables given by
q=10,9]" € R*! whered = [0,,0,]7 € R**! are the ball angles, antl= [¢., ¢,] € R**!
are the body angles. The ballbot with a pair of 2-DOF armsyshim Fig. 3.4(2), has four
additional configuration variables, namely, the left arglasoe’ = [o}, al]" € R**!, and the
right arm angles” = [a], ag]T € R**1, The body configurations are unactuated, whereas the
ball and arm configurations are actuated. Therefore, tHbdiakithout arms has two actuated
and two unactuated configurations;., n = 4 andm = 2, while the ballbot with arms has six
actuated configurations and two unactuated configuratianspy = 8 andm = 6.

4.1.1 Position and Shape Variables

The configuration variableg € R™ of any dynamic system can be split irposition variables
¢. € R™, andshape variableg, € R, i.c., ¢ = [q., ¢;]7 andn, +n, = n. The shape variables
qs are those that appear in the mass/inertia malfix;), whereas the position/external variables
q. are those that do not appear in the mass/inertia matrix). This implies thatM/(q) is a
function of only the shape variables

For the ballbot with arms, the ball angles form the positianiables;i.e., ¢, = 0 € R**!,
whereas the arm and body angles form the shape variablesy, = [o!,a", ¢]7 € RS, It
can be seen that the ballbot with arms has more shape varidale position variables. For the
ballbot without arms, only the body angles form the shap@bées,i.c., ¢, = ¢ € R**! and
hence, there are equal number of position and shape vagiable

Since the mass/inertia matri¥ (¢) is a function of only the shape variablgs it is indepen-
dent of the position variableg.. This implies that the kinetic enerdy (¢, ¢) = %QTM(q)q is
also independent of the position variabdgsIn this case, the Lagrangian system is said to have
kinetic symmetry 85]. The system matrices in E4.2can be splitinto submatrices based on the
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position and shape variables as follows:

Moo (qs)  Mes(qs)
Mig:) = [ M (qs)  Mys(qs) ] 7 “9
| Caala,4) Chs
COD=1 @i Cule )]’ @4
Clg) = géz (4.5)

4.1.2 Shape-Accelerated Balancing Systems

The work presented in this chapter focuses on a special ofassderactuated systems called
shape-accelerated balancing systemg, 73], for which the ballbot is an example. The intro-
duction of shape-accelerated balancing systems and attajglanner that exploits the special
properties of such systems to plan motions in the shape gpacger to achieve desired motions
in the position space are contributions of the work preskmtehis thesis. Shape-accelerated
balancing systems are underactuated mechanical systatrsattsfy the following properties:

(a) The number of unactuated variables equals the numbersitign variableg;, € R"=, i.e.,
n, = n — m. This implies that the number of dynamic constraint equestiequals the num-
ber of position variables.
The work presented in this chapter primarily deals with exyst whose position variables
q. € R"* are actuated, while their shape variabjes R"s contain both actuateg, € R"s«
and unactuated variables, € R™s«, i.e., n,,+ns,= ns, ny+ns, =m andng, = n—m. For
example, in the case of the ballbot with arms, the ball anfgfes the actuated position
variables,i.e., ¢, = 6 € R?>*!, the arm angles form the actuated shape varialles,
gs, = [o},a"]T € R**!, and the body angles form the unactuated shape variabies,
qs, = ¢ € R?*1, It can be seen that the number of unactuated variables @uglgs) equals
the number of position variables (ball angles).
However, underactuated mechanical systems with unadtpatgtion variables and actuated
shape variables like the marble-maze robot also form ex@srgilshape-accelerated balanc-
ing systems, and the trajectory planner presented in tlaipteh can also be applied to such
systems.
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(b)

(€)

(d)

The number of shape variables is an integral multiplehefriumber of position variables,
i.e., ng = k ng, for somek € Z*, whereZ" represents the set of positive integers. This
work defines ahape seto be a set of, shape variables that can independently affect the
dynamics of all the position variables. Since the numberhafpg variables in each shape
set equals the number of position variables, a system witlated and unactuated shape
variables has one unactuated shape sekand actuated shape sets.
For example, the ballbot with arms has one unactuated skepersied by its body angles
¢ € R?>*!, and two actuated shape sets formed by its left arm angles R?*! and right
arm anglesy” € R?*!,
The potential energy (¢) is independegnt(of)the position variablgs which implies that the
Vig

vector of gravitational forceé&/(q) = 5
q

¢ R™*! is also independent of the position

variablesy,.

Since both kinetic and potential energies are independethieoposition variableg,, the
Lagrangian? is also independent of the position variablgsi.c., .Z is symmetric w.r.t.
the position variables,.

The vector of Coriolis and centrifugal forces given ®yq, ¢)q is independent of both the
position and velocity of the position variablés;., ¢, andg,. Since the mass/inertia matrix
M (q) is independent of the position variablgs the Coriolis and centrifugal matriX(q, q),
whose elements are derived from the element®/d#), is also independent of the position
variablesy,. The vectorC(q, ¢)¢ can be independent gf only if C,.(q,¢) = 0 € R *"=,
Cs:(q,4) = 0 € R™*™ and the matrices’,s(q,¢) € R"™*" and Cy(q,q) € R™*"s

are both independent @f.. These conditions are achieved wh&fy,(q;) € R"=*"= is

) . . aMsa} S
constant; and/,,(¢s) € R"*" has differentially symmetric rowsp], i.e., & =

0qL
Mi T .
(88;‘1(%)) , whereM! (g;) refers to the™ row of M, (gs).
qs

SinceM (q), C(q, ¢)¢ andG(q) are all independent of both andg,., the equations of motion
shown in Eq4.2are independent of both andq,. For underactuated systems with actuated
and unactuated shape variables satisfying proped)egd), the matrices in Eg4.2 can be

written as:
Mxx sta (qs) stu(Qs)

M(QS): Msaaz(QS) Msasa(qs) MSQSU(QS> ) (46)
Msux(QS) Msusa(QS) Msusu(QS)
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0 Crei(ds,ds)  Cus,(ds; ds)
Clgs:Gs) = | 0 Cipso(ds,ds) Cos(ds,Gs) | (4.7)
0 Csu5,(qs:Gs)  Cyusi (s, ds)
0
G(q) = | Gy, () |- (4.8)
Gsu(QS)

(e) The Jacobian linearization of the system is contradigdd] at the origin, where the origin is
the unstable equilibrium. The system in B2 can be written in state-space form with affine
control ast = f(x) + g(x)u, wherez = [q,¢]7 € R*" is the state vector and= 7 € R™
is the control vector. The Jacobian linearization at thginmesults in a linear model given
by © = Az + Bu, whereA = a‘ggj) atz = 0andB = ¢(0). The pair @, B) must be
controllable f4] at the origin.

() The system has unstable zero dynami§ pt the origin. Systems with actuated and unac-
tuated shape variables whose system matrices are shown heed.8 will have unstable

zero dynamics at the origin if

(Mg}, (4:)Gs, (gs
( susuéq ) u (q )) < 0 € RMsuXnsu atqs =0.
4s,

According to R9], a system satisfying properties) @nd ) is called abalance systeprand
this work refers to it as Balancing system

(g) The system has locally strong inertial couplidd §. Systems with actuated and unactuated
shape variables whose system matrices are shown id.Eg4.8 will have locally strong
inertial coupling ifrank ([ M, . (qs), Ms,s,(gs)]) = n—m = n,, in the neighborhood of the
origin, andrank(Msuz(qs)) = n,,, 1.e., My, .(qs) " exists in the neighborhood of the origin.

(h) The Jacobian of the vector of gravitational forces cgpomding to the unactuated variables
w.r.t. the shape variables at ¢, = 0 exists. Moreover, its Jacobian w.r.t. every shape set at
gs = 0 exists and is invertible.

For systems with actuated and unactuated shape variabteseglistem matrices are shown
. . 0G,., (qs
in Eq. 4.6-4.8, the Jacobian of7,, (¢;) € R™*! w.rt. g, i.c., % € RMu>n at
ds
gs = 0 exists and is invertible only when, = n,,. Moreover, the Jacobian @f,(q;)

w.r.t. every shape set gt = 0 exists and is invertible. With no loss of generality, let's
0G,
assume that there is just one actuated shape, seThen, both% € R™su*nsu gnd
qs,
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0G, (gs)

94s,
(i) For systems with actuated and unactuated shape vasiallese system matrices are shown

O(M;,}(4:)Gs, (45))
dq <
R™s«>"s " at g, = 0 exists but is invertible only when, = ¢,,. Moreover, the Jacobian

of M (qs)Gs,(gs) W.rt. every shape set gt = 0 exists and is invertible. With no

loss of generality, let's assume that there is just one &mtushape sej,,. Then, both
(ML (qs)Gy, (gs 0(M;}(¢:)Gs, (gs
(Me12(9)G5u(95)) gy nan grng® Meus (4G, (4))
94s, 94s,

€ R« *"sa atg, = 0 exist and are invertible.

in Eq.4.6-4.8 the Jacobian af/;  (¢,)Gs, (¢5) € R™«*!w.rt. g, i.e,

xT

€ R« "sa exist and are invert-
ible.

The significance of propertieg)—(i) will be explained in Sec4.2, where they are used for
designing the shape trajectory planner.

All the above listed properties are verified for the ballbahwut arms and the ballbot with
arms in AppendiceB.1 andB.2 respectively. Apart from the ballbot, other examples ofpgha
accelerated balancing systems include planar and 3D oletgystems with unactuated lean
angles, and planar balancing wheeled robots like the Sef@gnoving in a plane. The marble-
maze robot is also an example of a shape-accelerated bajesystem.

4.1.3 Dynamic Constraints

For underactuated systems with actuated and unactuatpd ghaables whose system matrices
are shown in E¢4.6—-4.8, the last, — m equations of motion that correspond to their unactuated
degrees of freedom given by

MSU.Z’ (QS)(jm+Ms,usu (QS)QS[l+Msu8u (qs)éis,uwszbsa (q57 q‘S)q‘Sa+CSu8a (q87 q’S)q’SzL+GSu (qS) = 0
4.9

can be written as:
(I)(q57(j37457q.m) =0. (410)

Equations4.9 and4.10are calledsecond-order nonholonomic constraings dynamic con-
straintsbecause they are non-integrab8S][ They are not even partially integrable. The dy-
namic constraint equations in E4;.10are independent of the position and velocity of the posi-
tion variablesj.e., ¢, andq,, but relate the acceleration of position variabjgs$o the position,
velocity and acceleration of shape variables, (qs, qs, Q'S). It shows that non-zero shape con-
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figurations result in the acceleration of position varigbbnd hence the namsbape-accelerated
balancing systems

The ballbot with arms shown in Fi@.4(a) satisfies all properties of shape-accelerated bal-
ancing systems listed in Se€.1.2 It has two actuated position configurations given by it$ bal
angles? € R?*!, four actuated shape configurations given by its left armleang € R?*! and
its right arm anglea” € R?*!, and two unactuated shape configurations given by its boglhgan
¢ € R**!, The matrices in Ecgt.2for the ballbot with arms are of the form:

MG@ M@al (QS> MBCW" (QS) M9¢(QS)
M(q) _ Malﬁ(qs) Malal (qs) Moﬂoﬂ(QS) Malgb(qs) c RSxB (4 11)
Morg(qs) Marai(qs) Marar(gs) Ma%(%)

| Mgo(qs)  Mpar(gs)  Moar(as)  Mps(gs)

[0 Cput(dsds)  Coarlaeds)  Coolds, ds)
C(q q) _ 0 Calal (QSa QS) Cala"‘ (QS7 QS) Coﬁqﬁ(st q$) c R8*8 (412)
0 Ca’“al (QSa qs) Coa’“oa’“ (QSa QS) Ca’“qﬁ(Qsa QS)

| 0 Cqbozl (qsu QS) Cd)ar (QSa QS> C¢¢(QS7 qs)

0

alg) = | %@ | crea (4.13)

GO/" (QS)
| Gols)

where, each/;; € R**?, eachC;; € R**? and eachG; € R?*!. The matrices in Eg4.11-4.13
show that the dynamics of the system are independent of hetpdsition and the velocity of
its position variables.c., (4, §). The dynamic constraint equations for the ballbot with sare
given by

Mg (qs)0 + Moer ()" + Moar ()" + Moy (qs)0
+C¢al(QS7 q.s)dl + C(par (qSJ QS)O/ + C¢¢(Qsa QS)¢ + G¢(Qs) - 02><1' (414)
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4.2 Dynamic Constraint-based Shape Trajectory Planner

This section presents a trajectory planner that explo#sgecial properties of shape-accelerated
balancing systems to plan shape trajectories, which wiaeked will result in good approximate
tracking of desired position trajectories. The dynamicstaint equations map shape configu-
rations of the system to its acceleration in the positiorcgpand vice versa. The trajectory
planner presented in this section uses just the dynamidreamtsequations to plan shape trajec-
tories, which when tracked result in approximate trackihdesired acceleration trajectories in
the position space. In order to better understand the oeksttip between shape configurations
and accelerations in the position space, this section fiedyaes a simple case where the system
sticks to a constant, non-zero shape configuratan, the ballbot leaning at a constant body
angle.

A constant, non-zero shape configuratigrwith ¢, = 0 andj, = 0 reduces the dynamic
constraint equation®(q;, g, gs, ¢.) in Eq.4.10to ®’(qs, ) given by

(I)/<q=s> Qx) = Q)(qs’ Oa 0> q:z:)
= Msux(QS)Qx + Gsu <QS) (415)

It follows from Eq.4.10that
' (qs,Gz) = 0. (4.16)

The Jacobian ob’(qs, ¢,) W.r.t. G, at(gs, G.) = (0,0) is given by

/

- = Me)| (4.17)
4s,ix)=(0,0) qs=0

By the implicit function theorem7Q], if the Jacobian in Eg4.17 exists and is invertible then,

there exists a map’ : ¢, — ¢, in the neighborhood of the origin such thBf(q,, I"(¢,)) = 0.

The property §) of shape-accelerated balancing systems listed inSg@states thaf/; . (qs)

exists and is invertible in the neighborhood of the origid &ience, the map’ exists as shown

in Eq.4.18

q'r = _Msux(qL@)—leu(QS)
~ Iq). (4.18)
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Given any constant shape configuratibhill provide the resulting acceleration in the po-
sition space. The Jacobian linearization ¢y, ) in Eq.4.18w.r.t. ¢, atg; = 0 gives

0| 00 'Gular)
aqs qs=0 aqs qs=0
— K e R, (4.19)

which is a function of only system parameters, and henceaitagnstant. Therefore, tracking a
constant shape configuration results in a constant actielera the position space given by

i, = K g, (4.20)
in the neighborhood of the origin.
The Jacobian ob’(gs, ,.) in EQ.4.15w.r.t. ¢5 at(gs, G.) = (0, 0) is given by

o UEMCOI (4.21)
s | (gu.r)=(00) 9qs g0

By the implicit function theorem{Q], if the Jacobian in Eg4.21exists and is invertible then, the
mapl” in Eq.4.18is invertible,i.e., given any acceleration in the position space, the constant

shape configuration that causes it will be givenIby'. The property If) of shape-accelerated

balancing systems listed in Setl.2shows that%%(qs’) # 0 € R™«*" atq, = 0 exists but

is invertible only when all shape variables are una?égtuaied,the shape and position space are
of equal dimensions. This implies that the nidpn Eq. 4.18is invertible only when the shape
and position space are of equal dimensions, and all shapbles are unactuated. Similarly,
the property i) listed in Sec4.1.2shows that the linear maﬁgs in EQ.4.19is also invertible
only when the shape and position space are of equal dimenysiad all the shape variables are
unactuated. For example, in the case of the ballbot withioas aboth the mapE’ and K ;’ exist
and are invertible.

4.2.1 Shape and position space of equal dimensions

Consider shape-accelerated balancing systems with eqodderuof shape and position vari-
ables,e.g., the ballbot without arms. Here, all shape variables aretwaded,i.c., ny,, = 0.
For such systems, the propertidg and () of shape-accelerated balancing systems listed in
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Sec.4.1.2show that both the maly(¢;) in Eg.4.18and the linear ma;ﬁ(gs in Eq.4.19exist and
are invertible. This implies that there exists a linear rmgp given by

0 0 \— MNs XNy
K, = (K;)™ € R™X (4.22)
such that
s = K G, (4.23)
and
(K Gy, i) =0 (4.24)

in the neighborhood of the origin.

Equationgt.20and4.23show thatj, is a constant if, is a constant, and vice versa. Therefore
for shape-accelerated balancing systems with equal nuoflerape and position variables, a
constant desired acceleratignin the position space is achieved by tracking a constanteshap
configurationy, given by Eq4.23

4.2.2 High dimensional shape space

Now, let’s consider shape-accelerated balancing systathsiwoere shape variables than position
variables,e.g., the ballbot with arms. For such systems, the propertigsiid () of shape-
accelerated balancing systems listed in 8et.2show that both the maly(¢;) in Eq.4.18and
the linear mad(gg in Eqg. 4.19exist but are not invertible. This is obvious because thairmat
Kgs € R™*"s js singular with more columns than rows. This implies tharéhare infinite
possible shape configurations that can produce the samletom in the position space.

However, the matrixKgs can be split into square submatrices corresponding to daayes
set. With no loss of generality, let’'s assume there is only actuated shape set. Therefcﬂ«ﬁg
can be written as

0 0 0
K, =K, K, (4.25)
where,
0 M,,.(qs _le s
KL(]) e ( u (q ) u(q )) 6 anana’ (426)
Sa aqsa qszo
0 M, (s 71G5 s
f(((;g = — ( ¢ (Q) "<q )) € R XMsu (427)
Su aqsu 20=0
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The property i) of shape-accelerated balancing systems listed in&&@shows that the ma-
trices shown in Eq4.26 and Eqg.4.27 exist and are invertible. They represent the individual
contributions of each shape set to the acceleration of tstesyin the position space. Therefore,
these inverses provide the shape configurations, which wieked will result in the desired
acceleration in the position space. However, the indiMitdhuaerses assume that the other shape
sets have zero shape configurations.

Therefore, given a constant desired acceleration in theéiospacej,, the constant shape
configurationgy, that must be tracked to achieygcan be chosen as:

where,
W, 0
W = (; - € R"sX"s (4.29)
| Isu
0 _ (Kosa)fl e X1
K, = (K% . € R™"s*"= (4.30)
L qsu

The weight matrixi¥’ is chosen such thav,, + W, = I, , ann, x n, identity matrix. The
weight matrix!¥ allows one to relatively weigh each shape set’s contrilbutioachieving the
desired acceleration in position space.

A conventional pseudo-inverse ﬁTg will return only a single set of shape configuratians
whereas the decoupled inverse using the weight métrisffers more flexibility, and allows one
to explore the space of infinite possible shape configurstiéor example, a pure body motion
or a pure arm motion or any combination of the two can be chémetine ballbot with arms in
order to achieve the same desired motion in the positionespétas is particularly useful when
certain physically meaningful behaviors with specific shapts are desired like navigating a
narrow corridor without arm motions.

4.2.3 Optimal Shape Trajectory Planner

Sections4.2.1and4.2.2show that the constant shape configurations needed to adhievon-
stant desired accelerations in the position space can aaeldtfrom the linear maps in E4.23
and Eq.4.28 while this section presents a shape trajectory plannéretinsures optimal track-



54 Planning in Shape Space

ing of any arbitrary desired acceleration trajectory in plosition space. In order to achieve a
non-constant desired acceleration trajectry), ¢,(¢) andds(¢) will have to be non-zero.

The Jacobian ob(qs, ¢s, Gs, G.) (EQ.4.10 w.r.t. G, at the origin is given by

0
G

= M,,.(q5)| - (4.31)
(QS7QS7(i5,qz):(O7O7O7O) q5:0

The property §) of shape-accelerated balancing systems listed in &&@shows that the Ja-
cobian in Eq4.31exists and is invertible. Hence, by the implicit functiordnem [0], there
exists amap’ : (qs, ¢s, Gs) — G given by

D (gs, 4o, G) = —Mon(g)~" ( Mo (02)i, + Moo ()i, +

o (00 Con (s + Gsu<qs>) (4.32)

such that®(qs, ¢s, Gs, I'(gs, 4s, Gs)) = 0 in the neighborhood of the origin. However, the map
' is not invertible even for the simple case where the shapepasdion space are of equal
dimensions. This implies that there exists no analyticatfion that maps any arbitrasy,(¢)

to (qs(t), gs(t), gs(t)) such that the dynamic constraints in BglOare satisfied. However, any
desired acceleration trajectory can be approximatelkéec

Given a desired acceleration trajectory in the positiortsfiat), the proposed shape trajec-
tory planner finds a linear malg,, : ¢, — g5, similar to Eq.4.23and4.28 such that the planned
shape trajectory?(t¢) given by

¢ (t) = WK, {(t), (4.33)

when tracked, will result in an acceleration trajectgfyt) such thatj?(t) ~ {¢(t). For the
systems with shape and position space of equal dimenstoasygight matrixiV is chosen to
be an identity matrix, whereas for systems with high dimemsi shape space, the weight matrix
W is of the form shown in E4.29 The shape trajectory planning procedure is formulateshas a
optimization problem, where the elements/gf, in Eq.4.33are determined with the objective
of minimizing ,

, (4.34)

2

J = {[d(t) — Gz (t)

where, ¢ (t) is obtained by substitutingf’(¢) in Eq. 4.33and its first two derivatives intd' in
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Eq.4.32as follows:

2 (6) =T (W K0 W K00 WK, TH0) (4.35)
This optimization can be solved using nonlinear least-szgigolvers like Nelder-Mead sim-
plex [82] and Levenberg-Marquard68] algorithms. For a constant desired acceleratioy), =
ng given in Eq.4.22and Eq.4.30will ensure optimality, whereas for any geneiélt), K, =

K g may not necessarily ensure optimality, but will act as a gaddhl guess for the optimiza-
tion process. The optimality here refers to the minimum afééen of ¢2(¢) from the desired
acceleration trajector(t).

The shape trajectory planning procedure presented abale dely with the tracking of a
desired acceleration trajectoiiff(¢) and not of a desired position trajectar§(t). Though the
acceleration trajectord? (¢) is analytically non-integrable, it can be numerically grted to ob-
tain the resulting position trajectory () using the initial conditions of the desired acceleration
trajectoryq?(t). Therefore, with matching initial conditiong?(¢) approximately trackg?(t)
if G2(t) ~ ¢¢(t). The planned shape trajectog¥(t) and the position trajectory’(t) form the
feasible configuration trajectories that best approxirttaealesired motion in the position space.

4.2.4 Planning with Additional Shape Constraints

A system with a high dimensional shape space may need to usesatf its shape configura-
tions to achieve tasks other than navigation. For exampéeballbot with arms can use its arms
for manipulation, which will constrain the arm angles to sospecific trajectories. This section
presents a variant of the shape trajectory planner thataragié these additional shape constraint
trajectories, and still achieve desired motions in the tpmsispace using other available shape
configurations. The shape planner assumes that there ssaidiee shape set available without
additional constraints so as to achieve desired motiorfseiposition space.

With no loss of generality, let's assume that there is just aotuated shape set, and it is
constrained to some reference trajectory, while the uadéetushape set has no additional con-
straints. The objective here is to plan trajectories foruhactuated shape configurations such
that they achieve the desired motion in the position spabdewounteracting the effect of the
additional constraints on the other shape set.

Additional constraint ¢c) trajectories for the actuated shape varialaftést) when tracked
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will result in acceleration trajectorigg®(¢) in the position space given by
Qe (t) = D (q2e(0), @20, (1)) (4.36)

whereq®(t) = [¢2(t), O}T, i.e., zero angle trajectories for the unactuated shape configosat
qs,, andI' is obtained from Eq4.32 In order to achieve the desired acceleration trajectory
¢d(t) in the position space, the unactuated shape configuratiawes to achieve motions that
compensate foij2°(t), and achievei¢(t). Therefore, in this case, the planned shape trajectory
¢?(t) is chosen to be

¢ (1) = WK, (b), (4.37)

where ™ (t) = §(t) — §e(t) is the net desired acceleration trajectory that the planses
for planning unactuated shape trajectories. The linear Kgpin Eq. 4.37is obtained using
the optimization procedure described in S€2.3with the weight matrixi¥’ chosen such that
trajectories are planned only for shape variables with mhtieehal constraints. A block diagram
of the shape trajectory planner is shown in the shaded regibig. 4.1

d
20 : ¢ Shape-Accelerated q.(t)
Shape Tralclzkmg i(l) Underactuated : q.(t)
+ ) Controller Balancing Systems ’

Position Tracking | _5:
9‘ Controller
+

g, (®) Numerical q.(t)
> T 2 Integration
q.(t) G0 Q'O ¢ .
W € Kq < — |€—q (V)
: + dt
AC
I €—q (1
Shape Trajectory Planner 4.

Figure 4.1: Control architecture with the shape trajectdayper (Appeared in73)).

4.2.5 Control Architecture

The shape trajectory planner presented above assumelahaekists controllers that can accu-
rately track the planned shape trajectories. Approxintaieking of desired position trajectories
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q2(t) by tracking planned shape trajectorigét) is open-loop as there is no feedback on the po-
sition configurations. This open-loop procedure cannotienapproximate tracking of desired
position trajectories when the system starts at wrongairgonditions. Moreover, on real robots,
there are more issues such as modeling uncertainties, wiatbdynamics, nonlinear friction
effects and noise that will inhibit a good position trajegttracking performance. A feedback

The feedback position tracking controller tracks planrmmkeration trajectorieg (), which
are optimal, feasible approximations to desired positiajettories;’(¢). The controller outputs
compensation shape trajectorigst), which are added to planned shape trajectogigs) to
produce desired shape trajectori€ét) that are tracked by shape trajectory tracking controllers
as shown in Fig4.1 For the ballbot with arms, the shape trajectory trackingtialers include
the balancing controller and the trajectory tracking coligrs for the arms, while for the ballbot
without arms, the shape trajectory tracking controllelides only the balancing controller. The
weight matrix\¥ selects and relatively weighs the shape variables usedcfoevang desired
motions in the position space.

4.2.6 Characteristics of Desired Position Trajectories

The shape trajectory planner presented in this chapteiresginat the desired position trajecto-
riesq?(t) must be at least of differentiability claé®, so that the desired acceleration trajectories
¢?(t) exist and are continuous. However, it is preferred to hgye be of differentiability class
C* so that the planned shape trajectorjeg) and their first two derivativesi{(¢), ¢*(t)) that
depend on them exist and are continuous.

Moreover, the desired position trajectories must satisfyekeration bounds that depend on
the shape configurations used to achieve these motions. [&heegp plans shape trajectories
that are linearly proportional to desired acceleratiofett@ries in position space, and will fail
to achieve good approximate tracking if it is outside thiedér neighborhood around the origin.
The nonlinear magp”’(g,) in Eq. 4.18of the ballbot with arms as a function of the body angle
and the arm angle are shown in Fi§2 The acceleration bounds on the desired ball position
trajectories are chosen to be 2 ifisr using the body angles, and 0.082 fritsr using the arm
angles as shown by the highlighted regions in Big. These acceleration bounds correspond to
a maximum body angle of *Gand a maximum arm angle of 85The linear approximation of
the nonlinear map”’(q;) works well within these bounded regions. These bounds wsed for
all the experimental results presented in Se8.
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Figure 4.2: Nonlinear function of ball acceleration shape configuration for the ballbot with
arms: @) Body Angle; ) Arm Angle. (Appeared in13])

4.2.7 Choosing Weight Matrices

The shape trajectory planner assumes that a valid weighixi&tis chosen, and the conditions
that determine its validity are as follows:) gach element;; of the weight matrixi¥’ must be
non-negative;.e., w;; > 0; (i7) the weight matrixi¥’ must be of the form shown in E4.29
and (7) its constituent submatrices for all shape sets must sum igesntity matrix,e.g., for the
ballbot with arms W, + Wyr + Wy = Is.

The weight matrix can also be used to account for self-goflisonstraints, and its elements
can be chosen such that the arm motions do not collide withalkg. Let’s consider the case of
the ballbot achieving a lateral ball motion using just itsay where a single arm cannot produce
the whole motion as it will result in collision with the bodyn such a case, one arm must
be used for the “acceleration-phase”, while the other armstrba used for the “deceleration-
phase”. This can be achieved by using a different weightirxfar each phase, and such a case
is experimentally demonstrated in Séc3,

4.2.8 Performance Comparison against Direct Collocation Methods

Direct collocation methods3p, 130, 131] have emerged as popular numerical techniques to gen-
erate feasible trajectories for nonlinear systems. The atad control trajectories are discretized
into finite collocation points, and the trajectory genematis solved as an optimization problem
subject to nonlinear constraints given by the equationsaifon of the system.
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Table 4.1: Performance Comparison

System Computation Time (S) \ Speed Factor
(No. of states) PROPT| Shape Plannef

Planar cart-pole (4) 10.546 0.230 46¢<
Planar ballbot (4) 8.054 0.142 58&

3D ballbot without arms (8 11.895 0.466 25¢

3D ballbot with arms (16) 584.853 8.398 70<

Table 4.1 compares the performance of PROFPID4], a fast optimal control platform for
MATLAB that uses direct collocation methods against thathaef shape trajectory planner pre-
sented in this chapter on four different shape-accelefzthcing systems listed. The trajectory
optimization was performed using the SNOPT sol&€] pn PROPT. The shape trajectory plan-
ner presented in this chapter was implemented usingstgmonlinfunction in MATLAB, which
uses the Levenberg-Marquardt Algorithm (LMAGJ for optimization. The objective was to
minimize the sum of squared errors (SSE) in tracking a deésitaight line position space mo-
tion of 2 m in 10 s with a functional tolerance efl0~3 m?. The PROPT implementation used
100 collocation points (sampling at 10 Hz), which were neags for generating reasonably
smooth trajectories.

The shape trajectory planner presented in this chapteted@lgenerate feasible trajectories
at 25-70 times faster speeds than PROPT on a standard Core2-DwespoocThe computation
times listed are average values over 10 runs. This speed ginarising as the optimization is
performed on a much smaller parameter space compared tf thatdirect collocation method.
Moreover, the shape planner uses only the dynamic consequrations, whereas PROPT uses
all the equations of motion as constraints. It is to be natedthe computation times presented
in Table4.1are for a MATLAB implementation of the shape trajectory plan A well optimized
C/C++ implementation can provide the results an order of ntadeifaster, which allows real-
time planning on the robot.

4.3 Experimental Results with The Ballbot

The shape trajectory planner and the control architectiesemted in Seel.2 were experimen-
tally validated on the ballbot with arms shown in FRj4(@). The arms had 1 kg weights at
their ends for the experiments presented in this sectiore Btancing controller was used to
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track the desired body angle trajectories. The trajectaigking controller for the arms used the
computed torque method ]] for feedforward terms and a PID position controller fordeack
control [81]. Different weight matrices were picked to select and reddy weigh the body and
arm motions.

4.3.1 Pure Body Motion

Figure 4.3 shows the ballbot without arms successfully tracking a, fstsaight line motion of
1.414 min 4 s, while reaching a peak velocity of 1.18 m/s aneak@cceleration of 1 nf/sThe
planned and compensation body angle trajectories are sindvig. 4.4. The compensation body
angle trajectory is provided by the feedback position tragkontroller, and is summed with the
planned body angle trajectory to produce the desired bodledrajectory that is tracked by the
balancing controller. The resulting body angle trajectang the error in tracking the desired
body angle trajectory are shown in Fi§5. The video of the ballbot achieiving this motion can
be found in Vided.3.
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Figure 4.3: Pure Body Motion - Tracking the desired straigte motion (Appeared in73)).
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Figure 4.4: Pure Body Motion - Planned and compensation bodledrajectories for achieving
the desired straight line ball motion (Appeared3]).
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Figure 4.5: Pure Body Motion - Tracking the desired body aniggectory for achieving the
desired straight line ball motion (Appeared ig]).

Figure4.6 shows the ballbot with arms successfully tracking a desteadght line ball mo-
tion of 2 m using just the body angle motions. Here, the wenghtrix 1/ was chosen such that
the shape trajectories were planned only in the space of hogles.
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Figure 4.6: Pure Body Motion - Tracking the desired straigta motion (Appeared in73, 81)).

The planned and compensation body angle trajectories avensh Fig.4.7. The compensa-
tion body angle trajectory is obtained from the feedbacktjmwstrajectory tracking controller,
and the small compensation angles show the effectivendabe gilanned shape trajectory. The
planned and compensation body angle trajectories are sdnmnpeoduce the desired body angle
trajectory, which is tracked by the balancing controllagufe 4.8 shows the ballbot’s resulting
body angle trajectory, and the error in tracking the deda@aly angle trajectory by the balancing
controller.
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Figure 4.7: Pure Body Motion - Planned and compensation bodledrajectories for achieving
the desired straight line ball motion (Appeared3,[81]).
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Figure 4.8: Pure Body Motion - Tracking the desired body anggectory for achieving the
desired straight line ball motion (Appeared #8[ 81]).

The ballbot with arms tracking a curvilinear ball motion fg/n in Fig.4.9. The resulting
body angle trajectories and the tracking errors are showngm4.10and Fig.4.11 The com-
pensation body angles remained withif.15° for this case. The arms were maintained at zero
angles for both the experiments. The videos of the ballbtt aims achieving the straight line
and curvilinear motions can be found in VidBo4.
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Figure 4.9: Pure Body Motion - Tracking the desired curvéinmotion (Appeared in73, 81]).
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Figure 4.10: Pure Body Motion - Tracking the desired X bodylangjectory for achieving the
desired curvilinear ball motion (Appeared in3 81]).
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Figure 4.11: Pure Body Motion - Tracking the desired Y bodylangjectory for achieving the
desired curvilinear ball motion (Appeared in3 81]).

4.3.2 Pure Arm Motion

This section presents experimental results of the ballltbtavms achieving desired ball motions
using just the arm motions. The arms of the ballbot are ligigiw hollow alumnium tubes with

1 kg massess at the ends. Figdré2shows the robot tracking a desired straight line motion
of 2 m in the forward direction using just the arm motions. Pplenned and compensation arm
angle trajectories for the left arm are shown in Fdgl3 The desired arm trajectory tracking
performance is shown in Fig.14 Similar results were obtained for the right arm.

Compared to the results in Fig.6, Fig. 4.12shows that there is larger ball position tracking
error while using just the arms. This is due to the relatiyalgr trajectory tracking performance
of the arm controller as shown in Fig.14 which in turn is due to some excessive backlash
in the arm gears. A better arm design will significantly imgrdhese results. The composite
frames from a video of the ballbot achieving this motion iswsh in Fig.4.15 and the video can
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be found in VideoD.4. The balancing controller maintained the body angles ai fmrthese

experiments.
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Figure 4.12: Pure Arm Motion - Tracking the desired forwardight line ball motion (Appeared
in [73, 81)).
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Figure 4.13: Pure Arm Motion - Planned and compensatiorateftangle trajectories for achiev-
ing the desired forward ball motion (Appeared #8[81]).
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Figure 4.14: Pure Arm Motion - Tracking the desired left amgla trajectory for achieving the
desired forward ball motion (Appeared ing, 81]).
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Figure 4.15: Composite frames from a video of the forward badtion using the arms:aj
the robot starts at resth)(the arms move forward to accelerate), the arms move backward to
decelerate; andif the robot comes to rest. (Appeared 13])

Figure 4.16 shows the robot tracking a desired straight line motion of Innthe lateral
direction. Here, the arms are moved sideways, and the rightsaused to initiate the motion as
shown in Fig4.17, whereas the left arm is used to bring the system to rest assind=ig.4.18
The complete motion is not performed on a single arm in ordeavbid self-collision. The
weight matrix¥" can be chosen such that the arm motions do not collide witliodidly. Two
different weight matrices are used for this motion, one lier‘acceleration-phase” that picks the
right arm, and the other for the “deceleration-phase” theitgthe left arm. Figurd.19shows
composite frames of the ballbot achieving the lateral nmotising just the arms, and the video
can be found in Vide®.4.

For both forward and lateral motions, the compensation axgies remained withig-5° and
the balancing controller maintained the body angles withir5°.
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Figure 4.16: Pure Arm Motion - Tracking desired lateral Iadition (Appeared in73, 81]).
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Figure 4.17: Pure Arm Motion - Tracking desired right arm lantjajectory for lateral ball
motion (Appeared in{3, 81]).
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Figure 4.18: Pure Arm Motion - Tracking desired left arm angajectory for lateral ball motion
(Appeared in T3, 81]).

Figure 4.19: Composite frames from a video of the lateral imaition using the arms:aj the
right arms move to accelerate; aifl the left arms move to decelerate. (Appeared/ig])
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4.3.3 Arm and Body Motion

This section presents experimental results for the caseanhe body and arm motions equally
share (50-50) the effort of tracking a desired line ball mo®f 2 m as shown in Figl.2Q The
planned and compensation trajectories for the body anglé¢teright arm angle are shown in
Fig. 4.21and Fig.4.23respectively. The trajectory tracking performance for ltoely and the
right arm angles are shown in Fi¢.22and Fig.4.24respectively. Similar results were obtained
for the left arm. In this case, the compensation body anglesmed within+-0.06° and the
compensation arm angles remained withit°. A video of the ballbot achieiving this motion
can be found in Vide®.4.
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Figure 4.20: Arm and Body Motion - Tracking the desired stnaighe ball motion (Appeared
in [73, 81]).
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Figure 4.21: Arm and Body Motion - Planned and compensatiaty angle trajectories for
achieving the desired straight line ball motion (Appearef/B, 81]).
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Figure 4.22: Arm and Body Motion - Tracking the desired bodglarirajectory for achieving
the desired straight line ball motion (Appeared3,[81]).
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Figure 4.23: Arm and Body Motion - Planned and compensatigint arm angle trajectories for
achieving the desired straight line ball motion (Appearef/B, 81]).
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Figure 4.24: Arm and Body Motion - Tracking the desired riglmhangle trajectory for achiev-
ing the desired straight line ball motion (Appearedif,[81]).



4.3 Experimental Results with The Ballbot 69

4.3.4 Constrained Arm Motion

The ballbot with arms was subjected to additional asymmetnstraint trajectories for the arm
angles shown in Figstl.25-4.26 Symmetric arm motions do not result in any motion of the
ball, whereas asymmetric arm motions result in the motiothefball. Selected frames from
a video of the ballbot tracking these constraint trajeefrivhich consist of four different goal
configurations are shown in Fig.27, and the video can be found in Vidéa5. These arm
motions were chosen to be asymmetric so that the trackingesitarm trajectories will result
in the motion of the ball, if not compensated for. These arnians were meant to emulate the
robot waving its arms randomly. Since the arm angles areti@ned to these trajectories, they
are unavailable for shape trajectory planning and the strajgetories were planned only in the
space of body angles (Figs.28—-4.29 to keep the ball stationary withi#t0.04 m of its initial
position as shown in Figl.30
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Figure 4.25: Constrained Arm Motion - Tracking the X arm araglditional constraint trajectory
for the left arm (Appeared in7@3)).
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Figure 4.26: Constrained Arm Motion - Tracking the Y arm araglditional constraint trajectory
for the right arm (Appeared irv[)).
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Figure 4.27: Selected frames from a video of the constra@sgdhmetric arm motion with four
goal configurationsd)—(d) (Appeared inT3)).
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Figure 4.28: Constrained Arm Motion - Tracking the desiredodyangle trajectory to achieve
no ball motion (Appeared in7f3)).
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Figure 4.29: Constrained Arm Motion - Tracking the desiredodyangle trajectory to achieve
no ball motion (Appeared in7f3)).
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Figure 4.30: Constrained Arm Motion - Ball motion while atteing to keep it stationary (Ap-
peared in73)).

Figure4.31shows the ballbot with arms tracking a desired straightriraion of 2 m while
subjected to the additional constraint of holding both is1s horizontally forward (99 as
shown in Fig.4.32 The constraint arm trajectory consists of three motiomsnely, moving
the arm from O to 90 in the forward direction, holding it at 9Qvhile completing the ball mo-
tion of 2 m and finally, moving the arm back from9®@ (°. This experiment emulates the robot
navigating while carrying an object.

The planned and compensation body angle trajectories avensh Fig.4.33and the desired
body angle tracking performance is shown in Eigg4 As shown in Fig4.33and4.34, the body
has to lean back to compensate for the forward held arms, astbHean forward and backward
about this angle to achieve the desired 2 m ball motion. Coitgpframes from a video of the
ballbot performing this motion is shown in Fig.35 and the video can be found in Vid&b5.
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Figure 4.31: Constrained Arm Motion - Tracking the desiredight line ball motion (Appeared
in[73]).
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Figure 4.32: Constrained Arm Motion - Tracking the Y arm araglditional constraint trajectory
for the left arm (Appeared in7Q)).
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Figure 4.33: Constrained Arm Motion - Planned and compemsdtody angle trajectories for
achieving the desired straight line ball motion (Appearef/B]).
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Figure 4.34: Constrained Arm Motion - Tracking the desiredybangle trajectory for achieving
the desired straight line ball motion (Appeared7i3]).
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Figure 4.35: Composite frames from a video of the forward tmaition while the arms are con-
strained to be horizontalz) the body leans back to compensate for the arm constraintihamd
leans forward to acceleraté) the body leans further back to decelerate; afdhe robot comes
to rest while the body continues to lean back to compensatfdéoarm constraint (Appeared in
[73)).

4.4 Summary

This chapter introduced shape-accelerated balancingregsds a special class of underactuated
systems to which balancing mobile robots like the ballbddihg. This chapter presented a shape
trajectory planning procedure for such systems that uséghe dynamic constraint equations
to plan shape trajectories, which when tracked will resutiptimal tracking of desired position
trajectories. User-defined weight matrices were used &rsahd relatively weigh the contribu-
tion of different shape sets in achieving desired positipace motions. The planner was also
able to handle additional constraints on a subset of theest@apfigurations, and still plan shape
space motions that will achieve desired position spaceanstiA feedback position trajectory
tracking controller was used in parallel with the shapeetitgjry planner to achieve better track-
ing of desired position space motions. Successful expatamheesults on the ballbot with arms
were presented. The ballbot successfully tracked theeateball motions by tracking pure body
motions, pure arm motions, their combinations, and alsalleahadditional constraints on the
arms.

The optimal shape trajectory planner presented in thistehapas shown to generate fea-
sible state trajectories for shape-accelerated balamsgisigms at significantly faster speeds (25
to 70 times) than the trajectory optimization algorithmatthse direct collocation methods (see
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Table4.1). The shape trajectory planning procedure exploits theiapproperties of shape-
accelerated balancing systems and plans shape trajediwaiteare proportional to desired accel-
erations in the position space. Since this approach usgsloaldynamic constraint equations
and has a low-dimensional parameter space, it is significéadter than the direct collocation
methods allowing real-time generation of feasible statgttories on-board the robot.



Chapter 5
Graceful Navigation

This chapter presents an integrated motion planning anttatdnamework that enables bal-
ancing mobile robots like the ballbot to move gracefully authieve desired navigation tasks
(answer toR() 2). Navigation tasks are generally posed as desired motiostsies in the posi-
tion space, without any specifications on shape space nsotfs presented earlier in Selc4,
this work defines a graceful robot motion to be any feasibt®tonotion in which its configura-
tion variables’ position, velocity and acceleration tcaggies are continuous and bounded with
low jerk.

5.1 Background

5.1.1 Decoupled Planning and Control

Traditionally, motion planning and control have been deted. A high-level motion planner
plans a collision-free path and a low-level controller kad. The motion planner does not un-
derstand the capabilities and limitations of the contrpiMile the controller has no knowledge
of the environment and the obstacles in it. This approactksvarell in achieving navigation
tasks for kinematic mobile robots whose dynamics can bdysajeored. For balancing mo-
bile robots like the ballbot, the shape dynamics dominageststem dynamics and cannot be
ignored. The shape trajectory planning procedui® 3, 81] presented in Chaptef can be
used to generate feasible state (both position and shapegtories that optimally achieve de-
sired motions in the position space given by a motion planAaitecoupled approach of using
a motion planner, the shape trajectory planner and the @oartchitecture in Sect.2 is capa-
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ble of achieving desired navigation tasks while taking mtocount the dynamics of the system.
Moreover, desired position space motions can be chosertisaichoth the resulting position and
shape space motions are graceful,, the configuration, velocity and acceleration trajectories
are continuous and bounded with low jerk. But, when subjetdddrge disturbances, they can
result in collisions with obstacles in the environment ceredrive the system unstable. This is
primarily because the desired motions are achieved byitrgdkajectories, and the controllers
that track these trajectories have no knowledge of the olestan the environment.

5.1.2 Sequential Composition - A Hybrid Control Approach

Ideally, one must design control vector fields for the enbioeinded state space that covers a
map of the environment such that the desired navigatiorstask achieved and the obstacles
are avoided. This approach will handle large disturbansedlaollision-free states (including
states that will result from a large disturbance) that cachehe goal will reach the goal. But
designing these vector fields for high-dimensional systdratcover the entire bounded state
space is a challenging task. Moreover, these design proegdwe computationally expensive,
and cannot be run real-time on robots.

Alternatively, one can approximately cover the boundetestpace using a library of control
policies generated from a small collection of pre-defineatic policies using the symmetries
in the system dynamics. Connetral. [11] used such an approach to integrate motion planning
and control to achieve navigation tasks for kinematic weeebbots. This approach is based
on sequential compositiodeveloped by Burridget al. [10]. Given a set of control policies
U = {®y,---P,}, each with a domaiid(®P;) and a goal se&(P;). A control policy ®, is said
to prepare®,, denoted byb; = ®,, if the goal of the control policyp, lies inside the domain of
the control policy®s, i.e., G(P;) C D(P,). Theprepares relationshippetween control policies
can be represented using cascading funnels, where onelqoolicy leads to the other as shown
in Fig. 5.1

If the position space covered by the union of the domainsetuntrol policies iU covers a
map of the environment of interest, and if the union of thealgets covers the desired navigation
configurations, then any desired navigation task can beeaetiiusing these control policies.
Conneret al.[11] presented a semi-automated approach to generate thecseitasdl policiesU
that fill a map of the environment from a smaller collectiorcohtrol policies. A directed graph
known as theprepares graphs generated for the set of control policl8s where each directed
edge from®; € U to ®; € U represents the prepares relationship. If the start stdites in
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Goal

Figure 5.1: Prepares relationship represented using feifaker Burridgeet al. [10]).

the domain of at least one control poligyg., 3i € [1,n], s.t. S € D(®;), and if the overall
goal G lies in the goal set of at least one control polity,, 35 € [1,n], s.t. G € G(®;), then
the navigation problem becomes a graph search problemevitieoptimal sequence of control
policies to reach the navigation goal can be found. Themaigiequential composition approach
[10] defined the control policy domains in the state space of yilstesn, whereas Connet
al. [11] defined the domains in the configuration space of the sysiidma.problem of defining
these domains in the high dimensional state space for batanwobile robots like the ballbot
remains a challenging problem.

In our previous work T7], the sequential composition based integrated plannixgcantrol
approach was extended to balancing mobile robots like thedbtalt used the shape trajectory
planner and the control architecture presented in Chdpt€he control architecture transforms
all desired position space motions into desired shape spatiens to the balancing controller,
and hence allowed the domains for the control policies todfaed only in the position state
space, which has lower dimensions than the whole state sparesxample, both the ballbot
without arms (8 states) and the ballbot with arms (16 st&i@# only 4 position states. Although
these approache&(, 11, 77] ensured stability and convergence of a sequential cortiposf
control policies, and also resulted in a robust system @iabnavigate a map with obstacles under
disturbances, the robot did not achieve graceful motion.

In summary, the decoupled planning and control using thpesBpace planner can produce
graceful motion but is not good at handling disturbancesabglacles, whereas the sequential
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composition approaches presentedli@\ [L1, 77] are good at handling disturbances and obstacles
but do not result in graceful motion. This chapter presentsgproach that combines the best of
both worlds,:.e., an integrated motion planning and control framework thabées balancing
mobile robots like the ballbot to move gracefully and achielesired navigation tasks while
handling disturbances and obstacles.

5.1.3 Approach towards Graceful Navigation

This chapter presents an integrated motion planning antlaidramework based on sequential
composition L0, 11, 77] that enables balancing mobile robots like the ballbot thiee de-
sired navigation tasks while moving gracefully. The apptopresented in this chapter consists
of two phases: i} an offline controller design phase, arid) @n online planning phase. In the
offline controller design phase, controllers calfedtion policieghat track feasible state trajec-
tories calledmotion primitivesare designed. A palette of motion policies is designed shiah t
the individual motion policies result in graceful motiomdathere exist combinations of motion
policies that are gracefully composable. When two motioncpes are gracefully composable,
they guarantee graceful switching between them, theredntneg in an overall graceful motion.
In the online planning phase, a motion policy library is gated by automatically instantiat-
ing motion policies from the palette to fill a map of the enmingent. A motion planner plans
in the space of these collision-free, gracefully compasabbtion policies to achieve desired
navigation tasks.

5.2 Motion Policy Design

This section describes an offline procedure of designindedtpaf control policies callethotion
policiesfor shape-accelerated balancing mobile robots like thidalising the optimal shape
trajectory plannerq2, 81] and the control architecture shown in Fi4. A motion policy ®;
consists of a reference state trajectory calledadion primitiveo;(¢), a time-varying feedback
trajectory tracking control law;(¢), and a time-varying domaim;(t) that is verified to be
asymptotically convergent[]. All these components of a motion policy are describedWwelo
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5.2.1 Motion Primitives

Motion primitiveso(t) are elementary, feasible state trajectories that prodwat®ns in small
domains of the position space, and they can be combined isigjiyeto produce more compli-
cated trajectories. Motion primitives are feasible steggttories, and hence by definition satisfy
the constraints on the dynamics of the system. In this wiw,notion primitives are defined
such that they result in graceful motiarg., their position, velocity and acceleration trajectories
are continuous and bounded. Moreover, any valid sequergaposition of motion primitives
must also result in an overall graceful motion.

This work follows Frazzolet al. [24] to define two classes of motion primitives:

(z) Trim primitives Trim primitives are motion primitives that correspond tealy-state con-
ditions and they can be arbitrarily timmed (cuty,, the time duration of the trajectory can
be arbitrarily chosen. In this work, the trim primitives aestricted to constant position or
velocity trajectories in the position space, which implikat they have zero acceleration
in the position space and also have zero shape configurations

(7¢) Maneuvers Maneuvers are motion primitives that start and end at gtstate conditions
given by the trim primitives. Unlike trim primitives, maneers have fixed time durations
and non-zero accelerations in the position space, whichiesmphat they achieve non-
zero shape configurations. However, maneuvers start anatenicn conditions, which
correspond to zero shape configurations. Maneuvers canybarhbitrary feasible state
trajectories as long as they satisfy the trim conditions.

Here, the zero shape configurations correspond to any seapesconfigurations that produce
zero acceleration in the position space. The motion pnestin [24] consisted of both feasible
state and control trajectories, whereas the motion prmstin this work include only feasible
state trajectories. Motion primitives can represent seaifferent motions in the position space
like straight line, turning, circular, S-curve or figure-®tions.

A collection of motion primitives with a distance parametés defined as anotion primitive
setX(d), wherein each motion primitive produces a fatandAy motion in position space such
that Az and Ay are integral multiples of the distance parametteFigure5.2 presents a sample
of motion primitives for the 3D ballbot model from a motiorimitive set>(d) with d = 0.5 m.

It is important to note that the motion primitives for the 3Bllbot model consist of motions in
8D state space, while Fi§.2 shows only the corresponding 2D position space motions.

The procedure used in this work to design a motion primitetfar balancing mobile robots
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Figure 5.2: Position space motions of a sample of motion ipvies for the 3D ballbot model
from a motion primitive set witll = 0.5 m (Appeared inT9)).

like the ballbot, including the ones shown in Fig2, is described below. A number of unique,
desired position space motions with a distance parardeteare chosen in the first quadrant of
the XY—plane. The optimal shape trajectory planngé?, [81] presented in Seel.2 was used
to obtain the feasible position and shape trajectories ltkat achieve these desired position
space motions. The desired trajectories in the positiooesp@re defined as nonic polynomials,
i.e., polynomials with degree nine, satisfying the desired bampdonditions. These boundary
conditions represent trim conditions with zero acceleratn the position space. The desired
trajectories were chosen such that they satisfy all charatts of desired position trajectories
presented in Sed..2.6 and also satisfy all requirements of a graceful motian, the position,
velocity and acceleration trajectories are continuousksmohded with low jerk.

The motion primitives presented in Fi§.2 may strike a strong resemblance to state lattices
[94, 95] and path setsq1, 52] used by the motion planners in unmanned ground vehiclege St
lattices and path sets are defined as reference motionsyitte@nposition space, and the motion
planners plan in the space of these reference position spaiens to achieve desired navigation
tasks. However, the motion primitives presented in thisithare defined as feasible state space
motions that include both position and shape space motams.the motion planner plans in
the space of motion policies, which are controllers desigm®und these motion primitives as
will be described in Sec.2.2 State lattices94, 95 and path setsH1, 52|, however, can be
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used to determine the reference position space motionsfagrgting the motion primitive sets
presented in this thesis.

Each motion primitive in a motion primitive set can be roth#and translated in the position
space to achieve a variety of different motions, and thisgse of setting the initial position and
orientation of a motion primitive is calladstantiation This is possible because the dynamics of
mobile robots are invariant to transformations of theirippaxs variables. A motion primitive set
¥(d) is designed such that for each motion primitivét) € ¥(d), there exists an instantiation
that make, (¢) gracefully composable with at least one other motion piv@ii, () € X(d). A
motion primitives, (t) is gracefully composable with another motion primitiegt) if and only
if o1(ty,) = 02(0) anday(ts,) = 02(0), i.e., the final position, velocity and acceleration @f
match the initial position, velocity and acceleratiorvef Figure5.3 shows an example motion
in the position space resulting from a graceful compositibappropriately instantiated motion
primitives from a motion primitive set(d) with d = 0.5 m.

Goal

Start

0 1 2
X (m)
Figure 5.3: Position space motion of an example motion psamgLinstantiated motion primitives

from Fig. 5.2 The shaded circles represent constant position trim tiondi while the bars
represent constant velocity trim conditions. (Appearel¥8))
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5.2.2 Motion Policies

The motion primitives presented in Séc2.1are feasible state trajectories that satisfy the dy-
namic constraints of the system, and also produce gracefitbmby construction. Any dynamic
system requires control effort to track these feasibleegtajectories. In34], open-loop control
trajectories were used as part of the motion primitives. Bt real world, especially for robots
operating in human environments, where there are envirohaoreertainties and perturbations,
one needs to use closed-loop control. This section presastien policieghat contain motion
primitives and feedback controllers that stabilize them.

A motion policy ®; consists of a motion primitive;(¢), a time-varying feedback tracking
control law¢; (), and a time-varying domaif;(¢), all defined for timef € [0,¢,]. Since the
entire motion policy execution is time parameterized, gaotion policy®; also contains a timer
T; that starts at zero and ticks till the duratignof the motion primitives;(¢). A motion policy
that consists of a trim primitive is calledtam policy, while a motion policy that consists of
a maneuver is called maneuver policy Given a motion primitive seE(d), one can design
a motion policy palettdI(3) such that each motion polic®; € TI(X) constitutes a motion
primitive o; € X(d).

In this work, the motion policies defined for shape-accééatdalancing mobile robots like
the ballbot use the control architecture shown in big(shown earlier in Fig4.1). It exploits the
strong coupling between the dynamics of position and shapahles to achieve desired motions
in the position space. The ability of this control architeetto successfully track desired motions
in the position space has been experimentally verified obatbot [78, 81]. Since the control
architecture of the motion policy achieves motions in thsifian space by controlling shape
space motions, the motion policy domain definitions areictstl to the 4D position state space,
i.e.,(x,y,2,7).

The time-varying domain®(¢) are defined as 4D hyper-ellipsoids centered around the time-
varying desired position states of the motion primitivég). Each time-varying domaii(t)
has a start domaifi = D(0) and a goal domaifs = D(¢;). Each domainD(t) is verified to
be asymptotically convergent, similar to the ones definddTh This implies that each domain
D(t) has another domai®’(t) defined such thab(t) C D’'(t) vVt € [0,tf], and any position

state trajectory starting i will remain in D’(¢) until it reachesG V¢ € [0,t;]. The overall
ty ty
domains for a motion policy are given iy = | | D(t) andD’ = | J D'(t). The domainD/

t=0 t=0
is used for checking collisions with obstacles in the enwinent and hence, their geometric
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Figure 5.4: The control architecture (Appearedis,[79]).

definitions make it easier to verify the validity of their oot policies. Figuré.5shows the XY
projection of a sample motion policy domain for the ballbot.

The motion policy domains presented here were verified taaptotically convergent[7]
by simulation. The 3D ballbot model along with the contralatecture in Figs.4was simulated
from finitely many states in the start domdin of each motion policy®;. The closed-loop
position state trajectory from each of these start statesswedfied to remain inside the domain
D';(t) vVt € [0,t], and was also verified to reach the goal donf@jratt = t;. Additionally,
the resulting closed-loop shape trajectory was also vdriberemain within the domain of the
balancing controller that tracks it. Several system idation experiments (Se8.4) were
conducted on the ballbot to estimate its system paramatebstbat the dynamics of the model
better match the real ballbot dynamics. When a motion palbicys deployed on a map of the
environment, the verification guarantees that the reguttlosed-loop motion of the system in
the position state space will remain within its dom@ii. Hence, if the domaif’; is collision-
free, then the motion policy; is guaranteed to produce a collision-free closed-loop onobif
the system.

The process of deploying a motion policy on a map is callethimtgation, just like in the
case of a motion primitive. A motion policy instantiatiorvatves the instantiation of its motion
primitive and its feedback control law. The condition forotwotion primitives to be gracefully
composable was presented in SB2.1 Here, a time-varying feedback control lawy(¢) is
defined to be gracefully composable with another time-vayyeedback control law,(t) if
¢1(ty,) = ¢2(0), i.e., the final control law ofp; matches the initial control law af,. These
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Figure 5.5: XY projection of the domain of a sample motionipotesigned for the 3D ballbot
model (Appeared in{8, 79]).

conditions will be used in Se&.2.3to define the graceful composition of motion policies.

5.2.3 Gracefully Prepares Relationship

This section introduces thgracefully prepares relationshifnat guarantees graceful sequential
composition of two motion policies. A motion polid, is said togracefully prepareb,, denoted
by ®; = ®,, if and only if all the conditions listed below are satisfied.
() The goal domain of the motion polic¥; is contained in the start domain of the motion
policy @y, i.e., Gy C S,.

(27) The motion primitives, (¢) of the motion policy®, is gracefully composable with the mo-
tion primitive o,(t) of the motion policy®,, i.e., o1(ty,) = 02(0) anday(ty,) = 2(0),
which ensures that the overall reference position, vetaid acceleration trajectories are
continuous. A motion primitiver(t) is a state trajectory, which includes position and
velocity trajectories. Therefore, its derivatiwét) includes velocity and acceleration tra-
jectories.

(¢4¢) The time-varying feedback control lagy (¢) of the motion policy®, is gracefully com-

posable with the feedback control law(¢) of the motion policy®,, i.e., ¢1(ts,) = ¢2(0),
which ensures that the overall control trajectory is carins.
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The first condition satisfies the prepares relationshif, [while the next two conditions
reduce it to a gracefully prepares relationship. Henceaagjully prepares relationship is by
definition a prepares relationshipe., ®; =4 &, = &; = d,, but not vice-versa. Since the
reference position, velocity and acceleration trajee@along with the control trajectory are
continuous, the resulting closed-loop motion of the systemer the action of a sequence of
gracefully composable motion policies is graceful.

A good candidate for a motion policy palettg:) satisfies the design features listed below.

(7) For each motion primitiver; € (d), at least one other motion primitive, € ¥(d) is
designed such that, is gracefully composable with,.

(27) For each pair of motion primitives,;, o € %(d) whereo; is gracefully composable with
o9, their corresponding motion policiels,, &, € TI(X) are designed such thét grace-
fully preparesb..

Figures5.6 and 5.7 show the experimental results of the ballbot achieving, fgetceful
motions while switching between gracefully composableiamopolicies. The ballbot achieves
a fast, graceful straight line motion in Fi§.6 that is composed of three different motions. The
ballbot achieved a peak velocity of 1.16/s, a peak acceleration of 11k /s?, and a maximum
lean of 6.78 in the plane of motion. In Fig5.7, the ballbot makes three sharp left turns by
gracefully switching between nine gracefully composabt&iom policies. The videos of the
ballbot performing both these motions can be found in ViDe@&

Velocity (m/s)
Body Angle (deg) ==

2 .
Time (s)

(@) ()

Figure 5.6: Fast straight line motiorz)(composite frames from a videad) (plot of body angle
and velocityvs. time in the plane of motion.
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Figure 5.7: Sharp turning motionz) composite frames from a vided) (plot of the motion
tracked on the floor.

The sequence of gracefully composable motion policies figethe experimental results
shown in Fig.5.6 and Fig.5.7were manually chosen, and the switching operation was &so p
formed manually. Sectiof.3will present automated approaches towards autonomousiptan
in the space of gracefully composable motion policies toexehdesired navigation tasks. It will
also present a hybrid control architecture that succdgsxécutes the motion plan.

5.3 Integrated Motion Planning and Control

An offline procedure to design a palette of gracefully conafes motion policies was presented
in Sec.5.2 This section presents the online procedures that run andibe robot to achieve
graceful navigation using this palette of gracefully cosgdde motion policies. An automatic
motion policy instantiation procedure is presented, whisbs the motion policy palette to gen-
erate a library of instantiated motion policies whose daomadill an obstacle-free map of the
environment. A motion planner that plans in the space ofalyacefully composable motion
policies, and a hybrid control architecture that executgsreerated motion plan are presented. A
dynamic replanning algorithm that actively replans in thace of gracefully composable motion
policies to avoid dynamic obstacles is also presented.
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5.3.1 Automatic Instantiation of Motion Policies

Here, an automatic instantiation procedure that uniforadmyributes motion policies both in po-
sition and in orientation on a 2D map of the environment ispntéed. Given a mapl and a
motion policy palettd](X), every motion policyd; € I1(X) is instantiated at different instanti-
ation points that uniformly discretize the m&f. These instantiation points are separated by a
distancel along both X and Y directions, whetks the distance parameter of the motion primi-
tive set>(d). At every instantiation point on the mayi, the motion policies are also instantiated
in different orientations. The uniform discretization inemtation space depends on the position
space motions produced by motion policies in the motioncggbalette. The motion policies
presented here produce motions in the first quadrant of thigéiquo space as shown in Fig.2
and hence the orientation spacing is chosen to Bes®@Ghat their instantiations can cover all
four quadrants of the position space.

The automatic instantiation procedure generates a motbaydibrary IL(I1, M), which is
a collection of valid instantiations of motion policies finche motion policy palettél(X) on a
mapM of the environment. A subset of valid instantiated motiotigies from a motion policy
library on a map with static obstacles is shown in FE@ An instantiated motion policyp; is
considered valid if and only if the following conditions asatisfied:

(z) The motion policy domain®; andD; must be obstacle-free in order to guarantee that the
closed-loop motion resulting from the execution of the motpolicy will remain collision-
free.

(¢¢) For motion policies that start at non-stationary trim dtinds, the adjacent cell in the
direction opposite to its motion must be obstacle-free.hSuotion policies, if included
in the motion policy library, will become orphan motion poés as other valid motion
policies cannot prepare them.

(72¢) For motion policies that end at non-stationary trim coodi, the adjacent cell in the
direction of its motion must be obstacle-free. Such motioficges, if included in the
motion policy library, will result in collisions as they caot prepare valid motion policies.

The percentage of the bounded position state space covetled start domains of the motion
policies in the motion policy library represents the cogeraf the motion policy library. The
coverage percentage is calculated by uniformly sampliegottunded position state space and
verifying its existence in the union of the start domaindhefinotion policies in the motion policy
library. If the desired coverage is not achieved then the gpacing for the instantiation points
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Figure 5.8: A subset of motion policies from a motion politydry L(II, M), instantiated from
the motion policy palett&l(X) with the motion primitive seE(d) shown in Fig.5.2 The lines
represent position space motions of the motion primitivesile the shaded regions show 2D
projections of the 4D motion policy domains, including thaiter domains. (Appeared ii9])

is halved, and the automatic instantiation procedure isatga until either the desired coverage
or the maximum number of such iterations is achieved. If 1@0%erage is not achieved, then it
indicates that there are certain states within the pos#iiate space that cannot be handled by the
motion policies in the motion policy library. These positistates are not reached under normal
circumstances, but can be reached when the robot is subbjectarge disturbances. A backup
emergency controller is used to handle such cases. In this ¥ ballbot switches to a simple
balancing mode when such a situation is encountered.

5.3.2 Planning in Motion Policy Space

Given a mapV and a motion policy palettél(¥), the automatic instantiation procedure pre-
sented in Secs.3.1generates a motion policy librafly(IT, M). The gracefully prepares rela-
tionship between every pair of motion policieB; (@) in the motion policy libraryL(II, M) is
verified using the conditions presented in S22.3 and a directed graph called tQeacefully
prepares graph)(LL) is generated, an example of which is shown in F@ Each node in
Q(L) represents a valid instantiated motion polieyc L, and each directed edge frobp to @,
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represents the gracefully prepares relationship, ®;, =« ®;. The gracefully prepares graph
is similar to the prepares graph presentedlify,[ but differs from the fact that the edges rep-
resent the gracefully prepares relationship and not jesptepares relationship as explained in
Sec.5.2.3 Unlike in the prepares graph, the switching between maimities in the gracefully
prepares graph is guaranteed to result in overall graceftiom Therefore, the gracefully pre-
pares grapk (L) contains all possible graceful motions that the robot céieae on the mapl
using motion policies in the motion policy librafy(I1, M).

This work assumes that any navigation task can be formuégedmotion between trim mo-
tion policies,i.ec., motion policies with trim motion primitives, and hence argvigation task
can be formulated as a graph search problem on the gracpfeibares graph. This assumption
is valid since any navigation task can be formulated as e#@hmint-point motion or a surveil-
lance motion or a combination of the two. A point-point matican be formulated as a motion
between trim motion policies that have constant positiapettories as trim primitives, while
a surveillance motion can be formulated as a motion betwesnmotion policies that have
constant velocity trajectories as trim primitives.

() Oan®

Figure 5.9: An example gracefully prepares graph.

Traditionally, graph search algorithms have been usedao pl the space of discrete cells
or paths. But, in this work, graph search algorithms are usquan in the space of gracefully
composable motion policiese., controllers. The graph search algorithms now provide aonoti
plan that consists of a sequence of gracefully composahiemuolicies that achieve the overall
navigation task. In this work, the Dijsktra’s algorithrh7] shown in Algorithm5.1is used to
solve the single-goal optimal navigation problem. The cdaigs for the optimality criterion
include fastest time and shortest path. Unlike other hecHliimsed graph search algorithms like
A* [36], the Dijsktra’s algorithm uses a dynamic programming apph and optimizes over the



90 Graceful Navigation

actual cost funtion without the use of any heuristics.

Algorithm 5.1: Single-Goal Optimal Motion Policy Tree using Dijkstra’sgarithm
input : Gracefully Prepares Gragh

Goal Motion Policy Node&~
output: Optimal Motion Policy Tred’

1 begin

2 | T« 0

3 foreachi € Node(?) do

4 Cost2Goak) «+

5 Next2Goalf) < 0

6 I' + I' U (i, Cost2Goali), Next2Goal())
7 end

8 Cost2Goalx) + 0

9 Q<+ T

10 | while Q # () do

11 j + MinCostNode())

12 if Cost2Goalf) = oo then

13 ‘ break

14 end

15 Q« Q—{j}

16 foreach k € Parent{) do

17 ¢ + Cost2Goalf) + EdgeCost, /)
18 if ¢ < Cost2Goalk) then
19 Cost2Goalf) <+ ¢

20 Next2Goalk) < |

21 end

22 end

23 end

24 end

Given a goal position state, the Euclidean distance metiséd to find the closest trim mo-
tion policy whose goal domain contains it, and its corresjiog node in the gracefully prepares
graph( forms the goal motion policy nod€. Algorithm 5.1 generates a single-goal optimal
motion policy treel’(2, G), which contains optimal paths from all motion policy nodeshe
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gracefully prepares gragh to the goal motion policy nodé'. Each motion policy nodein the
optimal motion policy tred’(Q2, G) contains a motion policy;, its cost to reach the goal motion
policy node given byCost2Goa(i), and a pointer to the next optimal motion policy node given
by Next2Goa(i). The algorithm begins with resetting timst2Goalvalues and th&ext2Goal
pointers for all the motion policy nodes in the optimal ppltceel” except for the goal motion
policy nodeG whoseCost2Goalvalue is set to zerdifies3 — 7). A list of unoptimized nodes
Q is created and iterated ovdines 10 — 23). At each iteration, the motion policy node with the
minimum Cost2Goalgiven byMinCostNodé&?) is removed fron), and theCost2Goalvalues
and theNext2Goapointers of its parents are updatéd€s16—22). The functionEdgeCogt, ;)
returns the cost of switching from motion polidy, to ®;. This iteration continues until all un-
optimized nodes are optimized or all remaining motion pohiodes in) do not have a path to
the goal motion policy nodé’, which is indicated by infinit€ost2Goallines12 — 14).

The optimal motion policy tre€ (€2, G) represents all optimal graceful motions that the robot
can achieve in order to reach the goal motion policy nGdéiowever, the optimality is limited
by motion policies in the motion policy library. Any motiorolicy node that has a path to the
goal motion policy node will reach the goal motion policy eday switching between an optimal
sequence of motion policies that guarantee overall graosftion by construction. Figurg.10
presents a subtree of a single-goal time-optimal motioityptiee obtained using Algorithis. L
It shows XY projections of optimal motion policy sequencesg with their 4D domains from
a number of different initial positions on a map with statiistacles. Since the optimal motion
policy tree contains the optimal sequence of gracefully pasable motion policies from all
trim conditions to the goal motion policy node, replanniaginnecessary when the robot’s start
position changes. However, the optimal motion policy trae to be regenerated when the goal
motion policy node changes.

Since the planning is done in the space of motion policies, controllers, Algorithm5.1
essentially generates an optimal control vector field ferttbunded position state space covered
by the motion policy library. The resulting closed-loop tedield optimally drives each valid
position state to the goal position state. However, thenagdity is limited by motion policies in
the motion policy library.

This section presented a motion planner that plans in theesphigracefully composable
motion policies (controllers), and explicitly accounts fth the dynamics of the system and
the domains of the controllers. Each motion policy knowsekact motion it achieves in the
environment and also knows that it is collision-free. There, in this framework, the motion
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Figure 5.10: A subtree of a single-goal time-optimal motpmiicy tree. The lines represent
position space motions of the motion primitives, while thaded regions show 2D projections
of the 4D motion policy domains, including their outer donsi(Appeared inq8, 79])

planner has knowledge of the system dynamics, and capeddibd limitations of the underlying
controllers used to achieve the motion plans. The contsln the other hand, have knowledge
of the environment constraints and also the motions thgtpheduce, thereby, forming a truly
integrated motion planning and control framework.

5.3.3 Hybrid Control

The optimal path to the goal motion policy node from any stastion policy node in the optimal
motion policy tree is obtained by following ifdext2Goalpointer until the goal motion policy
node is reached. A hybrid controller is used as a mastenfgigpey controller to ensure success-
ful execution of the optimal sequence of motion policiese Tigbrid controller starts executing
a motion policy®; and resets its timer only if the robot’s position state isdasts start domain
S;. It continues executing the motion polid@y; only if the robot’s position state lies inside its
domainD;,’(t) Vt € [0,t,], and the motion policy execution is stopped when its timesraut
and the robot’s position state reaches its goal dorfiainThe switch to the next motion policy
®; happens naturally as the goal domaindoflies inside the start domain df;, i.e., G; C S;

by construction of the gracefully prepares graph.
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The feedback control law,(¢) of a motion policy®; is capable of handling small distur-
bances and uncertainties. But when subjected to large biéstaes, the robot’s position state can
exit the domainD’(¢), for somet € [0,¢;]. Since the hybrid controller checks for the validity
of the motion policyvt € [0,t/], it detects the domain exit, stops the execution of the otirre
motion policy, finds another motion policly, whose start domaifi, contains this exiting posi-
tion state, and switches to the new motion poligy If there exists a path from the new motion
policy ®,. to the goal, then the optimal motion policy trE&?, (G) already contains the sequence
of gracefully composable motion policies that lead the oropolicy ¢, to the goal motion pol-
icy nodeG. If the automatic instantiation procedure guaranteed 160%rage, then there will
always exist a motion polic®, in the motion policy library whose start domain will captuine
robot’s exiting position state. But if 100% coverage was nargnteed and if there is no motion
policy in the motion policy library whose start domain captithe robot’s exiting position state,
then the hybrid controller executes the backup emergeneirater. In this work, the hybrid
controller switches to a simple balancing mode when sucleaas® is encountered. It is to be
noted that the switching from the motion polidy to the new motion policyp, or the backup
emergency controller is discrete and is not graceful as isiertbance added to the robot that
caused the domain exit is discontinuous.

5.3.4 Dynamic Replanning

While navigating human environments, it is inevitable thatrstatic obstacles or dynamic ob-
stacles are encountered. In such cases, a dynamic regigmrtioedure is necessary that will
avoid motion policies that result in collisions with the nebstacles.

Figure5.11@) shows an example optimal motion policy tree with a goal mopolicy ®;.
The optimal motion policy tree accounts for the known stabestacles in the environment, and
hence each motion policg; represents a collision-free motion policy in the known eoni
ment. However, the introduction of new static and dynamistaties can invalidate some of
these motion policies, for example, the motion poliyin Fig. 5.11¢) is invalidated by a new
obstacle. In such cases, the optimal motion policy tree rnestpdated to avoid these invalid
motion policies as shown in Fi§.11(¢).
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Figure 5.11: ¢) Single-goal optimal motion policy tree with the goal matipolicy ®,; (b) The
motion policy®; is invalidated by a new obstacle, and hence the motion eskigi, ®5, $,, and
®,; need to be updated; ang) Updated optimal motion policy tree. (Appeared 1))

The simplest approach to account for the new obstacles isgeenerate the entire optimal
motion policy tree while ignoring the invalid motion polieyodes as shown in Algorithrs.2
Unlike Algorithm 5.1, Algorithm 5.2 optimizes only the valid motion policy nodes given by the
Valid() function (ines 17 — 23). In this approach, every time there is a change in the \glidi
of motion policy nodes, the optimal motion policy tree havéoregenerated. For example, the
motion policy nodespb;, g, P14, P1; shown in Fig.5.11() are the only nodes that had to be
updated, whereas the other nodes did not require any updiaikesomputationally inefficient to
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regenerate the entire motion policy tree when only a suldgbeanotion policy nodes need to be
updated. Therefore, this section presents an efficientrdimaeplanning algorithm that updates
only the motion policy nodes that need to be updated. Thisrihgn consists of the following
three steps::f finding invalid motion policies,i¢) finding motion policy nodes to be updated,
and ¢i¢) updating the motion policy nodes.

Algorithm 5.2: Dijkstra’s Algorithm with Invalid Nodes
input : Gracefully Prepares Gragh
Goal Motion Policy Node&~
output: Optimal Motion Policy Tred"

1 begin

2 I+ 0

3 foreachi € Node(?) do

4 Cost2Goal{) «+ oo

5 Next2Goalf) < 0

6 I' <~ I' U (4, Cost2Goal{), Next2Goal())
7 end

8 Cost2Goal) + 0

9 Q<«+T

10 | while Q # () do

11 j <+ MinCostNode())

12 if Cost2Goalf) = oo then

13 | break

14 end

15 Q<+ Q—{j}

16 foreach k € Parent{) do

17 if Valid(k) then

18 ¢ + Cost2Goalf) + EdgeCost, 7)
19 if ¢ < Cost2Goalk) then
20 Cost2Goalk) <+ ¢

21 Next2Goalf) < |

22 end

23 end

24 end

25 end

26 end
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5.3.4.1 Finding Invalid Motion Policies

The motion planner uses occupancy griig] o find the invalid cells in a finely discretized 2D
map of the environment. The mapping from an occupancy calrtetion policy in the motion
policy library is obtained during the automatic motion pglinstantiation procedure described
in Sec.5.3.1 Each occupancy cell has a list of motion policies whose desneover it, and
this list is updated for every valid motion policy instanite. Therefore given a list of occupied
cells, a simple look-up operation provides the list of imyahotion policy nodeq.

Algorithm 5.3: Find Nodes to be Updated
input : Base Optimal Motion Policy TreE,
Goal Motion Policy Node&~
Set of Invalid Noded
output: Set of Nodes to be Updatéd

1 begin

2 U<« 0

3 foreachi € I do

4 | U« Uui

5 end

6 Q+—G

7 | while Q # 0 do

8 i < Pop@)

9 foreach j € TreePareni(y, i) do
10 if - € U then
11 ‘ U~UUj
12 end

13 RQ+—QUj

14 end

15 end

16 end

5.3.4.2 Finding Motion Policy Nodes to be Updated

Figure5.11(¢) shows that the motion policy nodes that need to be updatemded the subtree
with the invalid motion policy node as its head. Any valid matpolicy that reaches the goal
motion policy via an invalid motion policy must be updatethiSTsubtree of motion policy nodes
can be found by traversing down the optimal motion police toé the base caseég., the map
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with all known static obstacles and no new obstacles. Theriéiign used to find the motion
policy nodes to be updated is shown in Algoritbin3. The base optimal motion policy trég is

the best possible motion policy tree that can be generatedsagenerated using AlgorithBl
Each motion policy nodéhas a list of motion policy nodes that point to it (parentsihie base
optimal motion policy tred’, given by TreeParentl’y, ?). All invalid motion policy nodes are
added to the list of nodes to be updatédlines3 — 5), and the search for nodes to be updated
begins with the goal motion policy node and traverses down the entire base optimal motion
policy treel’ in a breadth-first search mannénés6 — 15). If a motion policy node is marked

to be updated, then all its parents in the base optimaligegven byTreeParenl’, /) are added

to the list of nodes to be updatéd(lines10 — 12).

5.3.4.3 Update the Motion Policy Nodes

The procedure to update the optimal motion policy freis presented in Algorithnb.4. Every
time the optimal motion policy treE is to be updated, it is reset to the base optimal motion policy
treel’y, and theCost2Goalalues andNext2Goalpointers for all motion policy nodes in the list
of nodes to be updatdd are resetlines3 — 6). For each valid motion policy nodén the listU
given byValid(z), its Next2Goalpointer is initialized to its valid child motion policy nodeith

the minimumCost2Goal(lines9 — 17). The children of each motion policy node are obtained
from the gracefully prepares graph The invalid motion policy nodes are removed from the
list U, while the valid motion policy nodes with the initializ&bst2Goalalues andNext2Goal
pointers are added to the list of unoptimized no@ed he procedure to optimize tligost2Goal
values for just these motion policy noddisi€s 25 — 40) is same as that in Algorithr.1 (lines

10 — 23) and in Algorithm5.2 (lines10 — 25).

The dynamic replanning algorithm presented above is uslgdndren the validity of a motion
policy in the motion policy library changes. When such a cleaisgdetected, the current set
of invalid motion policy noded is determined, and AlgorithrB.3 is used to find the motion
policy nodes in the base optimal motion policy tiégthat need to be updated. The optimal
motion policy treel’ is then reset td'y and updated using Algorithis.4. Since all the motion
policy nodes are updated whenever a change in validity ofrtbgon policy nodes is detected,
this dynamic replanning algorithm ensures that the resyliptimal control vector field for the
bounded position state space covered by the motion pobcgrly is always valid.
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Algorithm 5.4: Update Optimal Motion Policy Tree

input : Base Optimal Motion Policy TreE,
Goal Motion Policy Nod&~
Set of Nodes to be Updatéd

output: Updated Optimal Motion Policy Tree

1 begin

2 I'«T9

3 foreachi € U do

4 Cost2Goal) + o

5 Next2Goalf) < (

6 end

7 foreachi € U do

8 if Valid(z) then

9 foreach j € Child(z) do

10 if Valid(y) then

11 ¢ < Cost2Goalf) + EdgeCost, )
12 if ¢ < Cost2Goal{) then
13 Cost2Goak) + ¢
14 Next2Goal() + j
15 end

16 end

17 end

18 else

19 | U« U-—{i}

20 end

21 end

22 Q+U

23 while Q # 0 do

24 j + MinCostNode()

25 if Cost2Goalf) = oo then

26 | break

27 end

28 Q <« Q—{j}

29 foreach k € Parent{) do

30 if Valid(k) then

31 ¢ < Cost2Goalf) + EdgeCost, 7)
32 if ¢ < Cost2Goalk) then
33 Cost2Goalk) + ¢

34 Next2Goalk) + |

35 end

36 end

37 end

38 end

39 end
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5.4 Experimental Results with The Ballbot

This section presents experimental results of the ballbtitont arms successfully achieving
different navigation tasks in a graceful manner using tiegrated motion planning and control
framework presented in Seg.3.

5.4.1 Experimental Setup

The ballbot localizes itself on a 2D map of the environmeimgia particle filter based localiza-
tion algorithm developed by Biswaet al. [6]. The encoders on the ball motors of the inverse
mouse-ball drive41] provide the odometry data for the prediction step, whileakii/o URG-
04LX laser range finder provides the laser scan readingséotarrection step.

The laser range finder is also used to detect obstacles intireement, and its scan readings
are used to update an occupancy grid mEg) with a grid spacing of 0.1 m. The laser range
finder is mounted on the front of the robot at a height of 0.7&a@mfthe floor, and has B0°
field of view. It has a linear resolution of 1 mm and an anguéeofution of 0.36. Since the
laser range finder has only 1&0° field of view, it cannot detect obstacles behind the robot.
However, the ballbot can remember a previously encountaibsthcle using its occupancy grid
map. The occupancy grid map is primarily used to detect newicsand dynamic obstacles,
whereas permanent static obstacles are included in the map.

5.4.2 Motion Policy Library

In order to illustrate the integrated motion planning andtoa framework’s capability to handle
different motion policy palettes, this section presenisegxnental results that used two motion
policy palettes, one with 39 unique motion policies and haotvith 43 unique motion policies.
They used different motion primitive sets with the sameatise parametef = 0.5 m like the
ones shown in Figs.2 The palette with 43 motion policies had more non-statipmiam condi-
tions than the palette with 39 motion policies. The probldémetermining the number of motion
policies required to optimally achieve a navigation tas&nsopen research question, and is not
addressed in this thesis. However, this problem must beeegblas one of the future directions
of research.

For all the results presented in this section, the motioicigsl were automatically instan-
tiated in a 3.5 mx 3.5 m obstacle-free area of a map of our lab as described in5524
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The motion policy palette with 39 motion policies producasation policy library of 4521 in-
stantiated motion policies, while the motion policy paettith 43 motion policies produces a
motion policy library of 4569 instantiated motion policigSor both the motion policy palettes,
the total time taken to generate the motion policy librarg &#ime gracefully prepares graph is
approximately 2.5 s on the dual core computer on-board thetr&imilarly, the same computer
takes about 0.05 s to generate the optimal motion policyftneleoth the motion policy palettes.
Therefore, the optimal motion policy tree can be updatededsas regenerated in real-time. All
the results presented in this section use fastest time agptheality criterion.

5.4.3 Point-Point Motion

The point-point navigation task can be formulated as a madbetween trim motion policies
with constant position reference trajectories as motioamigiwes. The goal motion policy in the
motion policy library is given by the trim motion policy whegoal position state is the closest
to the desired goal position by the Euclidean distance meffigure5.12 shows the ballbot
successfully reaching a single goal position state of (2 m, 2 m/s, 0 m/s) from four different
starting configurations in the presence of two static olbstacThe experimental position space
motions shown in Fig5.12were obtained from the localization algorith@j.[
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Figure 5.12: Point-Point motion with two obstacles, showblack (Appeared in78, 79)).

This navigation task used the motion policy palette with 3&ion policies to generate the
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motion policy library. A single-goal time-optimal motiomlicy tree was generated online using
Algorithm 5.2that takes into account the known static obstacles in the Bagh of the motions
shown in Fig.5.12were obtained by tracking motions from the single-goal topgmal motion
policy tree, and were not regenerated for each run.

Figure5.13shows the composite frames from a video of the ballbot aatgethe goal from
the first starting position, while the body angle trajeaeniesulting from the fourth motion are
shown in Fig5.14 The video of the ballbot achieving all four motions can befdin VideoD.7.

Figure 5.13: Composite frames from a video of the ballbot@ghg the goal from start position
no. 1 (Appeared inq19)).
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Figure 5.14: Point-Point motion: Body angle trajectorieathieve the goal from start position
no. 4 (Appeared inq8§)).
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5.4.4 Disturbance Handling

Figure5.15presents the experimental results that illustrate thelibiyaof the integrated motion
planning and control framework to handle large disturban@éhile the ballbot was executing a
point-point motion, it was physically held and stopped fromaving towards the goal. Then, the
ballbot was physically moved to a different point on the mag ket go.

925 | — Reference
— Experimental
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0O 05 1 15 2 25
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Figure 5.15: Disturbance Handling (Appearedi®,[79]).

When the ballbot was physically stopped from moving towalssdoal, its position state
exited the domain of the motion policy it was executing, ane hybrid control architecture
detected this domain exit. It then, searched the motiorcpdibrary to find motion policies
whose start domain contained this exiting position statenceSa continued disturbance was
applied to the robot, its position state continued to exét domains that were found until the
ballbot was set free to move on its own. After it was set frie lallbot successfully reached the
goal as shown in Figh.15 Here again, the single-goal time-optimal motion poli@etwas not
regenerated. The composite frames from a video of the hallifueving this motion are shown
in Fig. 5.16 and the video can be found in Vid&b7.
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Figure 5.16: Composite frames from a video of the ballbotmewrthe goal while handling a
disturbance (Appeared 7).

5.4.5 Surveillance

The navigation task of surveillance can be formulated asttombetween trim motion policies
that have constant velocity reference trajectories asangrimitives. The task is specified as a
sequence of moving goal position states that are repeasedyialic fashion. Unlike point-point
motion, the surveillance motion has multiple cyclic goa#dsnew goal motion policy is found
every time the current goal motion policy is reached, ancclehe time-optimal motion policy
tree has to be regenerated. The motion planner takes orlys@dregenerate the motion policy
library used here, and all of its motion policies have timeations greater than or equal to 1 s.
Hence, the optimal motion policy tree can be regeneratedahtime while executing the last
motion policy to the current goal. This process repeatd thgiuser quits the surveillance task.

Figure5.17shows the ballbot successfully performing a surveillaias& tvith four goal con-
figurations using the motion policy palette with 39 motiodigies. In this run, the surveillance
task was quit after five successful loops. The composite dsaafrom a video of the ballbot
achieving this task is shown in Fi§.18 and the video can be found in Vidén7. The body
angle trajectories for one complete surveillance loop hosve in Fig.5.19



104 Graceful Navigation

25 | —— Reference
Experimental

Y (m)

0 05 1 15 2 25 3
X (m)

Figure 5.17: Surveillance motion with four goal configubas, shown in green and one obstacle,
shown in black (Appeared irYB, 79)).

Figure 5.18: Composite frames from a video of the ballboteahg the surveillance motion
with four goal configurations (Appeared ifi9).
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Figure 5.19: Body angle trajectories for the surveillancdiomowith four goal configurations
(Appeared inT8, 79)).

Two successful loops of another surveillance task with teal gonfigurations are shown in
Fig. 5.2Q This surveillance task was achieved using the motion pgalette with 43 motion
policies, and a video of it can be found in Vidén8. The optimal motion policy tree was
successfully regenerated real-time on the robot for evaglesgoal configuration. The resulting
body angle trajectories for one complete surveillanceecgck shown in Figh.21
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Figure 5.20: Surveillance motion with ten goal configunasicshown in green and one obstacle,
shown in black (Appeared ir7p)).
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Figure 5.21: Body angle trajectories for the surveillancdiomwith ten goal configurations
(Appeared inT9)).

5.4.6 Dynamic Replanning

Figure5.22shows the ballbot using the dynamic replanning algorithesented in Se&.3.4to
avoid new static and dynamic obstacles, and successfabthrhe goal. The composite frames
from a video of the ballbot performing this motion is showrFig. 5.23 and the video can be
found in VideoD.8. The base optimal reference motion to the goal without any static or
dynamic obstacles is shown in Fig.24@). The optimal reference motion to the goal with the
new static obstacle and the dynamic obstacle in its firsttiposis shown in Fig5.24¢). The
optimal reference motion to the goal with the dynamic oldstawoving to its second location is
shown in Fig.5.24(). The final optimal reference motion to the goal is shown in big4(l),
and the ballbot’s attempt at tracking this reference mashown in Fig5.22 It is important
to note that the optimal motions achieved using this appraae limited by the motion policies
in the motion policy library. For example, one can see thataptimal reference motion shown
in Fig. 5.240) is not optimal in a true sense but is optimal w.r.t. the mopolicies available in
the motion policy library.

The motion policy palette with 43 motion policies was usedtfas run. The dual-core
computer on-board the ballbot takes 0.01 s to 0.05 s to ughateptimal motion policy tree
depending on the number of motion policy nodes to be updd&adh motion policy is of time
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duration greater than or equal to 1 s, and hence the optimibmpolicy tree can be updated
fast enough to account for the dynamic obstacles, whichetected by the laser range finder at
10 Hz,i.e., every 0.1 s.
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Figure 5.22: Dynamic replanning to reach the goal (Appearg¢d9)).

Figure 5.23: Composite frames from a video of the ballbot dyinally replanning to avoid static
and dynamic obstacles (Appeared 19]).
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Figure 5.24: ¢) The base optimal reference motion to the gdglThe optimal reference motion
with the static obstacle, and the dynamic obstacle at itslficstion; ¢) The optimal reference
motion when the dynamic obstacle has moved to its secondido¢dd) The optimal motion
when the dynamic obstacle has moved to its final locationpéaped in T9))
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5.5 Summary

This chapter presented an integrated motion planning anttatdramework that enables bal-
ancing mobile robots like the ballbot to gracefully navegduman environments. Tlggace-
fully prepares relationshigvas introduced as a restrictive definition on the prepalasoaship.
Unlike other sequential composition based approach@slfL, 77] that do not guarantee grace-
ful switching between control policies, the integrated imotplanning and control framework
presented in this chapter uses the gracefully preparesoredhip to ensure graceful switching
between them. This chapter presented an offline proceddiesign a palette of gracefully com-
posable control policies callesiotion policiesthat result in collision-free graceful motions in
small domains of the position space. It also presented aneoalitomatic instantiation proce-
dure that deploys these motion policies to fill a map of tharenwnent, and generates a library
of motion policies. Agracefully prepares grapkhat represented all possible graceful motions
that the robot can achieve in a map was generated online,angiation tasks were formulated
as graph-search problems. This chapter used Dijkstratgittign to generate a single-goal op-
timal motion policy tree that represents an optimal comiedtor field for achieving the goal.
However, the optimality is limited to the motion policiesag@ble in the motion policy library.
This chapter also presented a dynamic replanning algotitlatreplans the single-goal optimal
motion policy tree in the presence of dynamic obstacles.

The most important contribution of this work is the expennta verification of the integrated
motion planning and control framework on the ballbot. Thiguter presented experimental
results that demonstrate the ballbot successfully aahgeaivariety of different point-point and
surveillance navigation tasks. This chapter also predemtperimental results that demonstrate
the capability of the framework to handle disturbances, @rd actively replan in the presence
of dynamic obstacles and still successfully achieve désievigation tasks.
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Chapter 6
Conclusions and Future Work

Balancing mobile robots can be tall and skinny with low centdrgravity and small footprints,
unlike their statically stable counterparts. They can lleeteough for eye-level interaction and
narrow enough to navigate cluttered human environmentsy €han actively resist tipping over
by compensating for the shift in their centers of gravityeiftdynamic stability enables them to
be physically interactive, and also enables them to acHasteand graceful motions. All these
characteristics make balancing mobile robots ideal categifor personal robots operating and
interacting in human environments.

The work presented in this thesis enables balancing matidets like the ballbot to navigate
human environments with speed and grace comparable tofthanhtans. The approach taken
to achieve this is two-fold: if the natural dynamics of balancing mobile robots are etgudoi
to achieve fast and dynamic motions; amg the motion planning and control are integrated to
ensure that balancing mobile robots gracefully achieveaetsavigation tasks while handling
disturbances and dynamic obstacles.

Fast and dynamic motions in the position space are achiguethbning for motions in the
shape space because the shape dynamics dominate the syamias. A palette of sequen-
tially composable controllers calledotion policiesare designed such that their valid composi-
tions produce graceful robot motions. They are designel shat they have knowledge of their
reference motions in the state space and their collisiee-flomains in the position state space.
Desired navigation tasks are achieved by planning in theespithese gracefully composable
motion policies.

This chapter highlights the contributions of the work preed in this thesis, and also dis-
cusses several future directions that can be explored eméxdnd better the shape trajectory
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planner, and the integrated motion planning and controhéaork presented in this thesis.

6.1 Contributions

The contributions of the work presented in this thesis @tedi below.

(@)

(i2)

an

(iv)

One of the first contributions of this work was the designhef balancing controller and
other controllers that enabled the ballbot to balance awedade reliably 74, 76]. The bal-
ancing controller enabled the ballbot to be robust to digtoces like shoves, kicks and
collisions with furniture and walls, and it also enabled tadibot to be physically interac-
tive. Chapte3 presented successful experimental results on the balabtiemonstrated
its capabilities, and also demonstrated some interestingah-robot physical interaction
behaviors.

Chapter4 introduced a special class of underactuated systems cdilgoe-accelerated
balancing systen§'2, 73] to which balancing mobile robots like the ballbot belongne®e
systems have a special property wherein non-zero shapeuomatfons result in accelera-
tions in the position space, and this special property caexpéited to enable balancing
mobile robots like the ballbot to achieve fast and dynamitioms.

Chapter4 presented a novel shape trajectory planfi@} fhat plans shape trajectories for
shape-accelerated balancing systems, which when tradkedsult in optimal tracking of
desired acceleration trajectories in position space. Tdjedtory optimization algorithm
plans shape trajectories that are linearly proportionaldsired acceleration trajectories
in the position space, and the proportionality gains arerdahed such that the acceler-
ation trajectories that result from tracking these plansteabe trajectories will optimally
track the desired acceleration trajectories in positicacep It was demonstrated that the
shape trajectory planner can generate feasible trajesttor shape-accelerated balancing
systems at significantly faster speeds (25 to 70 times) ttfeer trajectory optimization al-
gorithms using direct-collocation method] 35, 104, 130, 131]. Such fast computation
times were possible because the shape trajectory plantistizgd in a significantly lower
dimensional parameter space, and also used only the dymamstraint equations of the
system for numerical integration.

Chaptert also introduced the notion ofsihape sef73], a group of shape variables that are
capable of independently affecting the dynamics of all fpmsivariables. It was demon-
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(v)

(vi)

(vi)

strated that the shape trajectory planner can succesglallymotions in the shape space
for systems with equal number of shape and position vasable, systems with just
one shape set. The shape trajectory planner was extendeddessfully plan in high-
dimensional shape space with the use of user-defined wegghices, where the user picks
the relative contribution between different shape sé&s§1]. It was also extended to in-
clude cases where a subset of the system’s shape sets wierialytconstrained to desired
trajectories T3).

Chapte# presented successful experimental results that validlageshape trajectory plan-
ner and its associated control architecture on the balbwih with and without arms73,
81]. The ballbot was able to successfully achieve a varietyittér@nt fast and dynamic
motions using its body lean motions. It also successfulljeed desired motions in the
position space using pure arm motions, and combinationedy kean and arm motions.
Successful experimental results that demonstrate thebitigypaf the ballbot to achieve
desired motions in the position space using only the body teations, while its arms
were constrained to desired trajectories were also pregent

Chapter5 introduced thegracefully prepares relationship/8, 79 between two control
policies, as a restrictive definition on the prepares retetnip [LO, 11, 77]. The grace-
fully prepares relationship guaranteed that the closeg-faotion of the system resulting
from a valid sequential composition of control policies vggaceful. This was achieved
by ensuring graceful composition of their reference matjdeedback control laws, and
domains.

Chaptel5 presented an integrated motion planning and control fraomiethhat enabled bal-
ancing mobile robots like the ballbot to gracefully achielsired navigation tasks while
handling disturbances and dynamic obstacke; T9]. It presented an offline design pro-
cedure for controllers calleshotion policieghat produce graceful, collision-free motions
in small domains of the position space for shape-accekbfad¢ancing systems like the
ballbot. A palette of motion policies was designed such itisanotion policies gracefully
prepare each other. An automatic instantiation procedhateuniformly distributes motion
policies from a palette to fill a map of the environment wasspreed. The domain of
each motion policy in the motion policy library was verifiedde collision-free. Chaptér
also introduced a directed graph called tracefully prepares graplthat represents all
graceful, collision-free motions that the robot can ackiewn the map using the motion
policy library. A motion planner that plans in the space as# collision-free, gracefully
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(viii)

composable motion policies was presented. The navigaaskstwere formulated as mo-
tions between motion policies, and Dijkstra’s algorithmswied to generate a single-goal
optimal motion policy tree. The optimal motion policy trespresented optimal graceful
motions to the goal from the start domain of every motiongyoin the motion policy li-
brary. A dynamic replanning algorithm that quickly replanghe presence of dynamic
obstacles was also presented.

Chapter5 presented successful experimental results that validhteéhtegrated motion
planning and control framework on the ballbot without arfise ballbot was able to suc-
cessfully achieve a number of point-point and surveillamagation tasks in the presence
of static obstacles. Successful experimental resultsddaionstrate the framework’s ca-
pability to handle disturbances were presented. The kdaMas also able to successfully
achieve point-point navigation tasks in the presence oadya obstacles, where it had to
dynamically replan the optimal motion policy tree in reiaté while successfully avoiding
the dynamic obstacles.

6.2 Future Work

This section presents brief descriptions of different ioyements and extensions that can be
applied to the work presented in this thesis.

6.2.1 Shape Space Planning with Manipulation

The shape trajectory planner presented in Chaptan be extended to plan for a combination of
manipulation and navigation tasks. A variant of the shaggedtory planner that achieves desired
navigation tasks for the ballbot using only body lean mdievhile the arms were restricted
to additional constraint trajectories was presented in 8&c4 and experimentally verified in
Sec.4.3.4 However, no manipulation tasks were performed. For batgnaobile robots like
the ballbot, navigation and manipulation tasks are tightiypled, and some of the challenges
that arise due to this coupling are described below.

One of the challenges is that the weight of the object thatasipulated plays a significant
role in the robot’s balance and in its navigation. A statengtor that actively estimates the
position of the net center of gravity of the robot and the obig essential for successfully per-
forming such tasks. The shape trajectory planner will hawake into account the manipulation
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trajectories, and also the dynamics associated with thect®&motions.

Another challenge is that the robot’s body lean motions affiéct its manipulation trajecto-
ries as the robot will lean with its arms attached to its bddst’s take an example case where
the balancing robot has to pick up an object on a table whélgirsg in place. While the arms
move forward to pick up the object, the body has to lean baokweorder to stay in place. But,
the arms which are attached to the body will lean backwartl wiand hence, its end-effector
may not reach its correct location in the world. This will pap if the manipulation trajectory
planner ignores the body motions required to stay balandela wlanning manipulation trajec-
tories. A trajectory optimization algorithm that combirtee shape trajectory planner and the
manipulation trajectory planner can be developed suclbibthtthe navigation and manipulation
tasks are achieved. One approach towards developing suajeetdry optimization algorithm
is described below. At every iteration, the optimizatiogalthm determines a pseudo-goal for
the manipulation planner, which compensates for the shifieé position of the end-effector as a
result of body lean motions. Given a pseudo-goal for the effet:tor, the manipulation planner
uses the inverse kinematics of a manipulator with a statyohase to plan trajectories for the
arm angles. The shape trajectory planner considers thepoiation trajectories as constraint
trajectories for the arm angles, and plans body lean ti@jiest that achieve the desired naviga-
tion task as described in Set2.4 Now, the resulting position of the end-effector in the wiorl
is determined and compared with its ideal goal positionmgyive the manipulation task. The op-
timization algorithm uses this difference to update theugsegoal for the manipulation planner
in its next iteration.

6.2.2 Navigating Large Maps

The integrated motion planning and control framework pmésetin Chapteb used the Dijkstra’s
algorithm for motion planning in the space of gracefully gueable motion policies. But the
Dijkstra’s algorithm may not be fast enough on bigger graplas cover larger areas. In order to
handle large maps, two different approaches can be expl@eéd approach involves the use of
heuristic based graph search algorithms kg 121] andD* Lite [53]. The design of admissible
heuristics in the space of motion policies is a challengirapjem and must be explored.

The other approach involves dividing the large map into tenatgions, and piecing together
locally optimal motions to achieve the global goal. Howeweis approach of using regions still
requires a heuristic to determine the optimal path in thespd regions. In order for such an
approach to be successful, it must guarantee that the ralboieither be trapped in a region nor



116 Conclusions and Future Work

be stuck in a cycle between regions. A simple version of trtopgsed approach of using regions
was successfully attempted on the ballbot to navigate larggos, like a long corridor (20 m
x 2.4 m area), moving between rooms in our lab, and also a 9:5 ftb m rectangular area.
The videos of the ballbot successfully navigating thesgelamaps can be found in Vidén.9.
However, the challenges of finding the best heuristic, asd bhndling the corner cases like
region traps and region cycles were not addressed, and mesipiored.

6.2.3 Design of Invariant Motion Policy Domains

One of the improvements that can be done to the integrateidmalanning and control frame-
work presented in Chaptér is in the design and verification of the motion policy domains
The current advancements in algebraic verification of atiers using sums-of-squares (SOS)
tools [125 128 can be used to design invariant domains for the motion diclt is difficult

to achievel 00% coverage in environments with narrow paths as the motioicypdbmain defi-
nitions presented in this work are fixed. But the invariantioropolicy domain definitions will
allow one to explore ways to scale-down these motion polmyains during instantiation so
that the obstacles can be avoided, and the desired covaaagdso be guaranteed.

6.2.4 Optimal Palette of Motion Policies

A procedure to design a palette of gracefully composableangiolicies for shape-accelerated
balancing systems like the ballbot was presented in 5&c. However, this section did not
present any insight into choosing a motion policy paletteaf@iven navigation task. Given a
navigation task, the minimum number and type of motion pedicequired to achieve it, and
the optimal set of motion policies that can achieve it arenogsearch questions that need to
be addressed. Moreover, metrics that can compare and evakeamotion policy palettes for a
navigation task must also be explored.

6.2.5 Integrated Motion Planning and Control for Graceful Manipulation

Chapter5 presented an integrated motion planning and control fraoriethat ensures grace-
ful navigation of balancing mobile robots, and Sectiofdpresented experimental results of the
ballbot without arms using this framework to successfutljfiave desired navigation tasks. The
integrated motion planning and control framework must beered to include manipulation
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tasks as well. Each reference position space motion caneheagety of different manipulation
tasks associated with it, and hence a variety of differeniangolicies that produce the same
position space motion but different arm motions can be ggadr The definition of gracefully
prepares relationship remains valid, but the motion pdlicynains can no longer be restricted
to the 4D position state space. In order to guarantee bottefydanavigation and graceful ma-
nipulation, the motion policy domains have to be defined tierdrm configurations as well. In
these cases, each trim condition will consist of both a reieg goal and a manipulation goal,
and the motion planner has to plan in the space of these gigcedbmposable motion policies
to achieve the desired navigation and manipulation tasks.
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Appendix A

Dynamic model for the 3D ballbot with a
pair of 2-DOF arms

The ballbot with arms is modeled as a rigid cylinder on top ofgéd sphere with a pair of
massless arms having weights at their ends. The model miagdsllowing assumptions::)
there is no slip between the ball and the floor; aijithere is no yaw/spinning motion for either
the ball or the body or the armée., they have two degrees of freedom each. A planar version
of the model along with the planar configurations is shownign A.1.

Figure A.1: Planar configurations shown in a planar modelatibbt with arm (Appeared in
[73, 81]).
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There are eight configuration variables for the 3D ballbotielavith arms represented by
q =10, ay, o, 9], where,d = [6,,6,]" are configurations of the batk, = [a,, oy, ]* are config-
urations of the left army, = [, a;,]T are configurations of the right arm, and= [¢,, ¢,]”
are configurations of the body. The forced Euler-Lagrangeatgns of motion of the ballbot
with arms can be written in matrix form as follows:

M(q)q+C(q,4)q+ Glq) = 0

T] , (A1)

where, M (q) € R®*® is the mass/inertia matrix;(q, §) € R®*® is the matrix of Coriolis and
centrifugal terms(G(q) € R®*! is the vector of gravitational forces and= [ry, 7,,, 70,|7 €
R6*! is the vector of generalized forces. The body configuratipase unactuated, whereas the
rest of the configurations are actuated.

The remainder of this chapter will present the system negrand their elements as func-
tions of the system parameters shown in Tablé. The following symbols are used in their
expressionsfg = I, + (mw + my + 2ma)7‘2, Y1 = mplyr, Yo = mglyr, ¥3 = medir, m = mbfz,

e = Mal?, 13 = Malads, N1 = Maladl, N5 = MadZ®, g = Mad?®, x1 = Mpgly, X2 = Magla,

X3 = magdZ, C; = cos (i), andsS; = sin ().

Table A.1: System Parameters for The Ballbot with Arms

| Parameter | Symbol]| Value \
Ball radius r 0.106 m
Ball mass My 2.44 kg
Ball moment of inertia I, 0.0174 kgm
Body mass my 70.3 kg
Body CM along z-axis from ball center Oy 0.87m
Body roll moment of inertia about CM I8, 12.59 kgm
Body pitch moment of inertia about CM I, 12.48 kg
Body yaw moment of inertia about CM I° 0.66 kgnt
Arm mass My 1 kg
Arm length from joint to CM l, 0.55m
Arm joint distance along y-axis from ball centerl? 0.18415m
Arm joint distance along z-axis from ball centeri? 1.3m
Arm roll moment of inertia about CM 12, 0.0016 kgm
Arm pitch moment of inertia about CM I, 0.0016 kgm
Arm yaw moment of inertia about CM 12, 0.0010 kgm
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The mass/inertia matrix/ (q) in Eq.A.1 is given by:

M(q) =

My M (gs)

M¢0(Qs) M¢QZ<QS)

where eachl/;; € R?*? is given below.

M@a(‘]) =

Mﬁal <Q> =

Mear (Q) =

Y2 (C¢ySall Saé/ + Sd,z quycaé)
+72C0.96,50: Cat

V2(Cs,SarSay + S5,5,Car)
+’YQC¢$ Sd)y Sa; Oaé

MalG(QS) Malal<QS>
Moro(qs) Myrai(qs) Marar(qs) Ma%(%)

M@oﬂ (QS) M@d)(Qs)
Mala"" (QS) Ma%(Qs)

’

Mpar(gs)  Myo(gs)

(A.2)

(A.3)

(A.4)

(A.5)
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|
L B+ (n+23)C,Cy,
— (7 + 273) S5, S, - 4725, (CatSat, + CaySay)
+72C0, 9, (Sa, + az) 1 +7286,Co, (Sat, + Saz)
+7256, S8, (Car Cat + CagCay) 1+ =72, C, (Cat Cat + Cap o)
|
Mo()=| ] , (A.6)
|
—B = (1 +273)Cy, l
+72C¢1 (Caé Caij + Ca; Caz) : 0
~7296. (Sat, + Saz) |
|
Moo (q) = My, (). (A7)
l
me + I5,C2 +12.5% 0
|
Malal (Q) il : 777777777 s (A8)
|
0 : 7720(3 + [gy
‘ xr
(010
Malar (Q) B (Ag)
0.0
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|
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|
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|
- = (13Cs, +mSs,)Cat, Cat
(74 + m2Sa, +7256,) Cat Sat, | +12Ca1 (Cp,Cat, — S, 54, Cat)
" —72Cat (C,Cut, — C, 85,501 )
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A4@T9(Q)

Ma'ral (q)

Ma'rar (q)

Marg(q) =

= M, (q)
= Mgzoﬂ (q)
_ ; i
|
me+ 10,00 + 1855, 0
|
|
: )
0 : 77202; + 1y,
|
|

1256, S,
+(72C¢>y +n3Cy, — 7745%)5% SQL

+7255, (86, Cay, + C,Sa;Cay)

|
l
|
(72 = MaSag + 725,50z ) Cay |
— (s +72Cs,)Ca

|

|

(77454595 — 2 S% Sa;) C’a; Ca{;
+ (VQS% Sa{] - 7]3Ca5) Co, Ca;
+ (7720¢z Cag - 72C¢)y Caz) Cag

(72 S¢T + 772 Sa;

|
l
|
= 4) Cag S
|
|

Moyo(q) = Myy(q)

Mqt(q)
Mopar (q)

Moy (a)
- MT

a ¢(Q)

(A.11)

(A.12)

(A.13)

(A.14)
(A.15)
(A.16)
(A.17)
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1256,54, (Cat Cat, + CayCay)
+72C5, 5, (Sat, + Saz)

— (711 +273) 85,8,
11554, (Cot, St + Ciaz S
+774C¢m (Caé Saé — Coég SO‘Z)

+1256,Ct Sat Cat

12,53+ 214(Sar, — Say)
—i—]beC;y + (2v1 + 473) Cy,

—2n)3 (Caé Caé + Oa;Oa;)
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.(A.18)
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— (71 + 275) 85,9,
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The Coriolis and centrifugal matrik(q, ¢) in Eq.A.1is given by:

0 CGocl (QSv QS> Cé'oz’" (QS; QS) CG(;S(QS; QS)
0 Calal (QSa QS) 0 Calq&(qsa q$>

C(q,q)= . NE (A.19)
0 0 CaTaT (qsa QS) Coﬂqﬁ(qsa QS)
0 O¢al (q87 qs) C¢ar (Q& QS) C¢¢<qs7 QS)
where eactt;; € R**? is given below.
— ; —
. |
12(Cs,Cat, = S6,50,Cat) Sp, 00 |
172 (C¢IC¢yCaly - Sqﬁysaé)saé(by : _72S¢ZS¢yCa§cSaé¢m
+7255,C, Cat by ' +92(S6,Cat + C,Co, Sut ) Car &

+792(Cls, G, Cay = S50t ) S &+ +72(Co, Cat, — C, S, S ) St
+’720¢y0a565a§}di ' +72 (C¢y SO‘L + C(px S(i)yCaly)Caécdé
C’gaz(q, q) = +’Yg (C¢y Oaé — ngm S¢ySa;y)Sa

l
x

\
. I .
—2 (S@c Caé + Cd)x Socé Oaé) Pu : _’720% Caé Socél o
—Yo (C% Saé + S, Caé Oaé/)dé : +725, SaéS%dfn
. | .
+725, SaéS%Oély i —WQS%C’%C%QL
|

(A.20)
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|

72(Cp,Cag = S, Sar Car ) So, 00 |
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|

z Y | )
|
|

[

. |
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|

(A.21)
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CQ(b(Qa Q> =

Cozlal (Q’ q) =
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—7720,3; (S¢ICa5¢y - Sazébx)

|
1
|
1280, Coy (Co, 0y + &) | —N25a; Car &y
|
|
|
|
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Car¢(Q7 Q) =

—112S 0 Cay S, O +12Cy, (Say éa + Cagail))
—12C%, Sgg Say (by +(1aCy, — 135, ) Sar Sar o8
~113S0; Coy Oa +1125, Cay (Copdy — Cy,0,)
_(773 - 774)504;5&;@'534 _(7725%0% + nngz)Ca;Caggéy
—103Sa; Cag G 12 (86, Sa;,Cay — C,Cay ) Car Say ba

+1)2 qug; Ooz; SO&Z Sa; Coz; Q?y
—T2 022 Soag O./Z - 774004; ¢m

+15C2, Say oy by (14 C2, )

- (T]3C¢z + 774S¢I)Cag Sa;/' C¢z (by

|
—13Caz Say P ‘ —12(8arCy, + CarCar S, ) Car
41394, CarCardy 1 + (1385, — mCs,) Car Cay ba
~11Cs,CorCoypby —12C2, SarCar S3. &,
—1254, Ci; Co%g éy i —12Ca; Sar, SaZ S, Cs, ng
—12C %, Saz Car, Oa; ng 1 —77203@ ng, Sés ¢x
+12C3, Say (6 + Coy o0 ) i 12501 Caz, Car O, bq

(A.26)
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MCoat (G2 + Car 61 —1128%1 Sat 0
—N4Sal Saé (éz; +Cy, ¢y) —1—772002156052 Sa éy
+1580s (64 + Car ) + (64 + Cp, dy) St Cot, Cat
+ (13501 So. = 12C0. ) Sat by ~1C2 Cay Say 6
+112 (&) + C, ) C21 Sa +11 (&) + Cy,0y) Car Cut
+102(Sat 0 — Cat Sp. y) Sat Cat Sa ~14Sat St A,

+72 (Oé:lt + Cocgl gb:v) C¢oc Saé
+72 (Cocfy di: + gb:v) S¢x Caé

+773Co¢§5 (Saglgbx - Caésqﬁxqu.)
+72C04, (Cat S4,0 + Sat Cy, 1)

— (2 72501 50, ) Sy 5t St S L
M Cat, S, (S5, 0y + St )
S.C.Sy (C i 21
C¢QZ(Q7 Q) - +774 Az~ Ay ¢z< i ¢I¢y + Ofy) |
+15Cas Co. (S, 0y + Say 6) G Sus oyl

+11350, Cat, Cs, (Co, 0y + 1)
120, Cat, C3, 0y (1 + C2 )
+12C01, agéy (Saécaé — 204, S%C%)
+125,Cat (6, + Cy,0y)
+112Cs, Cat (Cat, Sat, b — Sar )
~1256, Cot, Cat, (Car & + Sat Sy, 00)
+92C;, (Cat Sat & + St Ct 1)
+72Cy, Sg, Cat (0 + Cat A1)
+7256,Co, Cat &y
—25, S0 (Sat by + S, 1)
+7250, Cat (Co, Co, 0y — So, S, 0x)
~72C0.85,Sat Sai &

+(13Cs, + 1S5, ) Sar Cat &,
+(13Cs, + 14S5,) Cat Sat &,
+(13C5, + 145, ) Cat Sai, Co, by
—1255, (Co 82 b0 + Cay i)
+1025, Cat, St Sat (6, + C, 0y)
~112C2, Cat (94,6, + CF Sa )
"‘7720232 Cag Sag (/By
—12C, Sat Cat &,
+72C41, S5, (Co, Cat &y = 4, S0t )
+92C0 Sat Co, (&, + Cy, 0,
+725, (Cat Cat 0y — Cos, Sat St &)

(A.27)
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~14Cl (6 + Coy ) —1288; Say &,
+7]4Sa; SCV;Z (O‘Z + Cs, ¢y) —"_77203; Cc%; S, éy
+1135 0 (& + Cay ) 112 (& + Cly, by) S Oz Cory
+ (1350596, — 1205, ) Say by —12C2, Cag Sar ba
+12 (6 + Cy, 0y) C2y Sag —0u(&) + s, dy) Cay Ciy
412 (Sag®s — Cay Ss,by) Sar Cay Sa 145 Sag 0L

+72 (& + Cay d2) Cy, S
+72 <CO¢3TJ Ol; + wa) S¢z Ca;

+773Co¢2 (Sozz¢a: - Cozz S¢z (by)
+’720a; (Cag S¢za2 + Sagcquqb:c)

— (12 + 7250;56,) Say & —2S 0z Sag S, O,
oo i | eSS (Cody
r\41 +773Ca£ O¢:c (S¢x Qby + SO‘ZJ Q{; Y2 C¢y Soz; Oa; a; ’
+7735a;- Ca; C¢z (C¢I qby + Oé;; + (?730@6 - 774S¢1) Sa; Cag Oé;

+125a7,Car CQ%JQ‘S:U (1 + Cgi)
+12Ca; Coy éy(sazg% —200;55.Co.)
+1125, Cag (6 + C,0)
+12C5, Cay, (Coy Saydr — Saz )
11355, Caz Coy (Car &% + Saz Say b2
+720%, (Ca;Sagd; + Sa, O%d;)
+72C;, 56, Cag (62 + Cay i)
+7255,C, Car by
~7255,Saz (Say by + S, 07)
+7250;Car (C%Cqsyéy - Sszs%qgw)
7205, 5, Sa Sy &,

+(13Cs, — M1Ss, ) Car Saz sy
+(13Cy, — 1S, ) Caz SayCo, &y
—1125, (C2, 52, &2 + Cay i)
41285, Car Sz Say (61 + Cy, &)
~12C2 Cay (85,6, + C3, Sayy)
+12C%; Cor Say by
—112C5, S Car &,

+72Caz Sar Cy, (67 + Cy, &)
+725, (Cay Cay by — Cip, Say Say il

) |
) |
)
)

(A.28)
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(12 = 12,)85,Co, 0
—12C, (Sat & + Sayl)
+S56, (115 — 116) — 112529, Dy
+11Sp, Cpy by + 130y (St + Sar)
155, (02 C’2l o'/ + C’QT 02 d'r)
—772¢y( Car Cy L Sal +Carc’arsar)
+n4¢y(0agc% — CatCat)
+12C, (C2, Sat @, + C2, Say i)

+(n3 = 12Co; Cay) Cay Say iy +1255, C¢z¢y(02 +C2)
7254, (Co & + Cor &) —213C2 &, (Sat +Sar)
+72C4, (Saf_cc%o'éi + Caéc Sa%dé) +12C, (Saz Caz Cal + Sar Car CO‘Z)
192 (Coat Cat + CayCoy) S | 4+1muCl, (Cat Cat &, — Coy Coy a7
Co0(0,9) = | +72C4, (SagCaply + Cay Saydy) | =135, (Cat Cat 6], + Cag Cog )
+(1L, = 12,)55,Co, 0y ~11Ci. (Sat St 0% — Say Sy i)
)
)

(773 — 2 Cagv Caé) Saé Caé 052:
+ (7]3 - 77200(@ aé) CfozlI Saé/ aly
+ (773 — 2C0ar Cag) Sar Ca; ay,

+(774 + 77251153)0%0'4; +7]2C <Z5y (Sml Cal + S201,Car
— (71 + 273) Sy, e +115, (Sat Sat &L + Say Sy 6
— (14 — 11250 ) Cayd; +77452¢>m¢y( oz — Sal)
+92C0, Ox (Sat, + Sor) +2(11Cy, — M356,) Cat Cat Co, 0y
~2(mCs, +1555,) Cay.Cay o, &y
+12 (ng Ci; + ng; 025)5% Cqu Q.Sy
—7725'% Oaé Caé aésaéo'éi
11259, Co Car Say Sy &,

(A.29)

The contents of the second row element§’'gf(q, ¢) are given below.

. 1 . .
C(;Qs;s(%q') = (fi’x - Ifz)s%cqsy% + (776 — N5+ N2 — 5771)52@% -3 (Sagc + Sa;)%

2 (00244 Siéls%:a; + ngg 5258%042) + M4 (Oaé Caly - Cagcag)q'by
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— (1 +273) (C, 56,0 + S4,C,0y) + 203C3, (Sar + Sar )by
+12(Sat Cat, Cat, + SagCayCag ) by — 13(Cat, Sat, + Cag Say ) Cos,
—12(Sat Cat, Sat, + SagCag Say ) So.0a — 12 (Coy + C2r) Sp.Co, by
+102C0, (C2 Sa &y + Clr Sap ) + M4 (Cag Say — Cat Sat ) S6, Oa
#7200, S, (Ca, & + Cagy) +72(Sat, + Soz) Cs, Co, by

+114526, (Sat, = Saz) by +12(C21 Sat Cat, + C2y Sa Cay ) Cos, ba
—12(Cat Sat, Cat, + Coy Sy Cay ) €5, 0y — 1286, 5, (Sat, + Sy ) 0
+204 (Cay oy — Cat Cat ) O3, 0y — 12 (C20 Cly + O C2r) 85,0, 0y
+13(Cat, Cay) + Co Cay ) 929, 0y + 712001, Cat, (Co, S, 00 + 55, Cp, by)
+92C0; Cay (Co, 8,00 + 85,C,0y) = 1296,5, (Sat, Cat &, + Cat Say &)
125555, (Sar Cay 6% + Cay Sy &7) — 1S5, Cot Clat Sa Sa &

_7725@80&;004;50(;' Sagoé (A30)
1 . .
CH(q,q) = (n6—ms+m— 5771)82%% + 14 (Cor @l — Cordl) — 03 (Sat + Sar ) e

412 (Sat Cat, Car + SagCar Cay ) b + %msg% (Cardl, + Cay )
+114(Cat Cat, = Cog Cap) 9 + 12Ciat Ca, (St Coag 6 + Cot S )
+12C0; Ca (Sog Cay 6y + Cog Sayy) — (11 +27) (S5, Co, Oz + Co, S, 0)
~12C, (Sat Cat &, + Sag Capdy) — %m (C2 + C2,) S25, 0

—uC2, (Corél — Cordl) + 2n3(Sas + Sar ) C2 6,

+725, (Cat Cat &) + Cay Cag &) + Y2 (Cat Sat, + Cag Say ) Co, by
+%n352¢x (Cor &l + Cordl) + 7255, Co, (Cardl + Curdl)

+72(Sat, + Saz ) Co, Co, b + 14 (St — Say) Sas, Pu

—21 (St Cat, Caty + Say Cag Cay ) O3 ba — 725, (Sat Sat & + Sag Say &17)
~1282, (Cat Cat & + Coiy Cay &y = Saz) = 72(Sat + Saz) Se. S, by
~204(Cat Coty = Cay.Cog) O3 0 + 1503, (St Cat &, + Cat Sy )

FIRCE, (Saz Cag il + Ca Sag3}) = 1oCE, Cot Cop (g Cay 8 + Cat Sy )

r
Y

~12C5 Cay Ca (Sar Car &y + Cor Sar éy) — %m (C2.Co +C2,C2y) S26,
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1 .
5712526, (Sat, Cat, Sat &y + Sag Cag Say &) + 113(Cat Coy, + Cop Co ) S26, 5
+72C, Co, (Sat Cat &y + Cat, St 64) + 72C0, Cp, (Say Cag &y + Cay Sapdy)

1 1
+§774S2¢>;1; (Sagc Calyafp + Cagc aéa;) - 577452@0 (Sag Ca{/a; + Cag Saza;)
+72(Cat Cat, + CayCag ) (86,Co,0a + Cis, S, by) (A.31)

The vector of gravitational forceS(q) in Eg.A.1 is given by:

0
GCM S
G(g)= (2) : (A.32)
Gar (q$>
Go(s)
where eaclt:;; € R**! is given below.
X2 (S¢I C¢yC’aé — S%SQQS% + C¢ZC’¢ySa§c Caé)
Gozl (Q) = s (A33)
X2CO‘€: (S‘% Caly + C¢T C¢y SO‘%,) .
Gorlg)=| , (A.34)
X2Ca; (S5, Cay + Cs,C,Sar) ]

C¢y <X2 (C‘fh (Saé + SO‘?:) + S¢x (Calz Caly + Cagca;))> - (Xl + 2X3)S¢wc¢y

x2(Co, (Cat Sag + Cay Say) + S5, (Co (Cat.Cay + CarCag) = S, (Sug + Sz)) )
- (Xl + 2X3)C¢1S¢y




Appendix B

Verification of properties for
shape-accelerated balancing systems

Sectiond.1.2presented a list of properties that shape-accelerateddmatpsystems satisfy, and
some of these properties are exploited in the design of thpestrajectory planner presented in
Sec.4.2 The ballbot both with and without arms is a shape-accaddrhalancing system, and
this appendix verifies that the dynamics of the ballbot Batise properties of shape-accelerated
balancing systems listed in Secl1.2

B.1 The 3D ballbot without arms

The dynamics of the 3D ballbot model without arms presemiesiic.3.3. 1is verified to satisfy
all properties of shape-accelerated balancing systetesl is Sec4.1.2as follows.

() The ball angleg = [¢,,6,]" € R?**! form the position variableg,, while the body angles
¢ = ¢z, ¢,]" € R**! form the shape variableg. All position variables are actuated, while
all the shape variables are unactuated, n,, = 0. Therefore, the number of actuated
variables equals the number of position variables.

(b) The ballbot without arms has one unactuated shapé.sethe body angles € R?*!, and
no actuated shape sets.
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(c) The vector of gravitational forces shown earlier in Bdpis given by

Gq) = e R¥L, (B.1)

—~ O <O

—mbgfb sin

) c0s (¢y)
¢z) sin (¢y)

—~

—mypgly cOS

wherem;, is the mass of the body, is the height of the body center of mass from the ball
center, and; is the acceleration due to gravity. These system paramed@rde found in
Table3.1

It can be seen from Ed@.1 that the vector of gravitational forcés(q) is a function of only
the shape variableg and is independent of the position variabjes

(d) The vector of Coriolis and centrifugal forces can be otgdifrom Eq.3.4 as follows:

—72 (C¢z S¢y <¢920 + ¢Z) + 25¢Ic¢y¢x$y>
Clq.4)q = 120,00 e R (B.2)
$¢z ( - Vo2 + V;Cf;sz ¢2)

| =720, 5, (ch + @3) — 284, 0:Py (720% + ’Y3C¢>I) i

zz"

It can be seen from E@.2 that the vector of Coriolis and centrifugal forc€q, ¢)q is
independent of both the position and velocity of positionalaes,i.c., ¢, andg,.

whereC; = cos (i), S; = sin (1), yo = mplyr, andys = mpl* + 1) — 17

(e) The system matrices obtained by the Jacobian lineamizat the origin are given below.

00 0 0 100 0]

00 0 O 0100

00 0 O 0O0T10

00 0 O 0001

—&1
A — 0 O 0 g O 0 O 0 ERSXS, (BB)

oo? 0 000 0
4

oog 0 000 0
4

00 0 izoooo

L &3 i
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(f)

0 0
0 0
0 0
0 0
5
B = | ¢ € R¥2, (B.4)
=
€4
. &
§a
&
L &3 |

where, &, = mbgéb(]w + mplyr + (my, + mw)rz), & = mbgfb(]w + (my + mw)rz),
&3 = Lu(I}, +mpl}) + I}, 1* (my + my) + mymylr?, £ = Ly(12, + mply) 4+ 12,12 (my +
M) + My (32, & = Ly+ 17, +2mylyr 4 (my +mu )% +mply, & = Ly + 12, +2mylyr +
(mp + Mm% + mplz, and&; = I, + mplyr + (my + my, )72,

The pair (A, B) formed by the linear system matrices shown in B and Eq.B.4 is con-
trollable if the controllability matrix” shown in EqB.5 has full row rank.

P=| B AB A2B A3B A*B A’B ASB A'B | € R8!S (B.5)

Since¢; to &; are all positive and non-zero, it can be verified that the rotlability matrix
P has full row rankj.e., rank(P) = 8.

The system is said to have unstable zero dynandidsif the matrix given below is negative
definite.

a(Mszlsu (qS)GSu (qS)) _ —pP2
8(]5“ gs=0 pl(p1+]£$+.75y)—l—fb I°

pl—"]zl/)y 0

2x2
0 pl—i_l;ﬁx <k 7

(B.6)

wherep, = I, + my,r? + my(ly + r)* andpy = mygly,.
It can be seen that the Jacobian linearization at the origiws in EQq.B.6is a function only
of the system parameters and is always negative definite.

(g) The system is said to have locally strong inertial coup[iL 1§ if the matrix given below is
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(h)

()

invertible.

—7254, S, —71 — 7C.
Mya(a) = |~ J7oemer 7T O] e g, (B.7)
’71—1-’7/20%0% 0

whereC; = cos (i), S; = sin (i), 71 = L, + (my+m,,)r? andy, = mylr, and its determinant
is given by:

det<Msum(q5)> = (fyl + V20¢T)(71 + 720%0%) (B'8)

The matrixM, . (qs) shown in EQB.7 loses its rank when its determinant shown in B

is zero. This happens when eithes ¢, = ~ 21 or cos ¢z COS Oy = - Sincevy; and~y,
g

2 2
are both positive, eithefos ¢, or cos ¢,, cos ¢, must be negative for the matrid;, ..(g;) to
. . T o], .
lose rank. But this will not happen far, € [— > 5} andg, € [— 5 5] irrespective
of the values ofy; and~,. Therefore, M, .(q;)~! exists for the entire range of body angle
values of interest. This ensures that the system has lostatigig inertial coupling]1§.

The Jacobian linearization of the vector of gravitasiibiorces corresponding to the unactu-
ated shape variablés;, (q;) w.r.t. ¢; atgs = 0is given by:

0G,, (gs)

1
= —mygl R2*2, B.9
a4, mpgly [ 0 S (B.9)

qs=0

It can be seen from E®.9 that the Jacobian linearization €f,, (¢;) w.r.t. ¢, at the origin is
a function of only the system parameters, and it always ®xzistl is invertible.

The Jacobian linearization af;, . (q;) ' G, (¢s) W.r.t. ¢, atg, = Ois given by:

O(Ms,0(4s) ' Gs.(a))
9qs

0 —1
1 0

mbgfb

€ R¥*? (B.10)
gs=0 Y1+ Y2

wherey, = I, + (my + my,)r? andyy = mylr.
It can be seen from Edg.10that the Jacobian linearization df, . (q,) *G,, (¢s) W.r.t. ¢, at
the origin is a function of only the system parameters, aathilys exists and is invertible.
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B.2 The 3D ballbot with a pair of 2-DOF arms

The dynamics of the 3D ballbot model with a pair of 2-DOF armespnted in AppendiA is
verified to satisfy all properties of shape-acceleratedrmmhg systems listed in Se¢.1.2as
follows.

(@) The ball angle8 = [0,,6,]" € R**! form the actuated position variables while the body
anglesy = [¢,, ¢,]7 € R?*! form the unactuated shape variables and the arm angles
[, )" = [k, ol o, a7 € R form the actuated shape variablgs. Therefore,
number of unactuated variables equals the number of posidoables.

(b) The ballbot with a pair of 2-DOF arms has one unactuategeiset;.c. the body angles
¢ € R?*!, and two actuated shape sets, one for eacharmthe left arm anglea! ¢ R?*!

and the right arm angles” € R?*! .

(c) The vector of gravitational forces for the ballbot witimes shown earlier in E¢A.32is given
by
0
G, (gs)
Ga, (%)
Go(qs)

where eaclt;;(¢;) € R**! can be found in EcA.33—A.35.
It can be seen from Edg.11that the vector of gravitational forcégq) is a function of only
the shape variableg = [}, o", ¢|T, and is independent of the position variabjes

G(q)= e R¥, (B.11)

(d) The vector of Coriolis and centrifugal forces can be otsdifrom EqA.19 as follows:

Chat (q87 QS)dl + Coor (q$7 qs)dT + Ce¢>(qs, Qs)Qb c R2x1
C( ) | = Calal(q& qS)dl + Oalqb(Qw q$)¢ € R2x1 € R8><1
B COtTOtT (qsa q.s)dr + Car¢(qs’ qs)gb c R2><1 ’
Cipat (65> 450" + Copar (G5, G:)6" + Clo (s, Gs) - € R
(B.12)

where eaclC;;(gs, ¢s) € R**? can be found in EgA.20—A.29.
It can be seen from Ed.12 that the vector of Coriolis and centrifugal forc€%q, ¢)q is
independent of both the position and velocity of positionalaes,i.e., ¢, andg,.

(e) The linear system matrices obtained by the Jacobiaariaegion of the nonlinear model at
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the origin are given below.

Osxs | I'gxs
00 o w5 oy &
|
07 o7 07 |
012 012 02 |
00 —== 0 —— 0 - 0
] 08 08 :
00 —-22 9 ou 0o £ o
|
00 Qgglo L nglo 216 OQ8 —&: Ogys 16x16
A= 0 0709 . 0709 . o S
00 —H4 0 -8 o = o0
- Q8§10 016 QSQlo o OQS _&:
|
- ow Q?OQQ owr Q()?Qg o5 ()Q?l
0s 08 08 |
00 o % o o, &
L %4 07 %4 i
(B.13)
08><6
Q19 0 0 921 0 921
p R S
0 @ @ 0 286 0
B= 08 08 08010 € R16x6, (B.14)
021 0 0 030 0 028
07 0709 0709
0 Q22 02 0 925 0
on 908 Q8§10 02 QOB 030
07 0709 0709
0 Q23 Oz 0 _ Q27 0
e S e e
L o7 %4 o7

wherep; to p3y are non-zero, positive functions of system parameters.
The pair (A, B) formed by the linear system matrices shown in Bdl3 and Eq.B.14 is
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(f)

(9)

(h)

controllable if the controllability matrix° shown in EqB.15has full row rank.
P=|B AB A2B A’B A‘B ... AMB A15B] € R16X9 (B.15)

Sincep; to o3 are all positive and non-zero, it can be verified that the ratlability matrix
P has full row rankj.e., rank(P) = 16.

The system is said to have unstable zero dynamidksif the matrix given below is negative
definite.

O(M=(0)C(02))
9gs,

P3+L§y 0

—
s =0 p5

2x2
e R,

(B.16)

wherens = m,d??, ps = L, + mur? + my(ly + 1) + 2mga(dZ — by + )2, ps = mugly +
2m,g(d; — La), andps = p3(ps+2n6+13, 41y, )+ 1), (12, +2n6).

It can be seen that the Jacobian linearization at the orfgive in Eq.B.16is a function
only of the system parameters and their values are suchhghdatobian linearization at the
origin is always negative definite.

The system is said to have locally strong inertial couplil1§ if the matrix M, .(q¢s) €
R2%2 shown inA.15is invertible. Its determinant is given by:

det(M,,.(qs)) = (6 - go) <ﬁ +¢Cy, + 725, (Cat Sat, + Ca55a5)> . (B.17)

whereC; = cos (i), S; = sin (i), 5 = I, + (mw +my + 2ma)r2, v1 = mplyr, Yo = Malyr,
V3 = mgdir, andg = Sy, (72(5% + Sa;)) + Cy, (71 + 2793 — VQ(C%C% + C'%C’%)).

It can be numerically shown that th&t(M,, .(qs)) # 0,Vgqs € {_—W,g} Therefore,

2
M,,.(qs)" " exists in a large neighborhood around the origin and herecsytstem has locally

strong inertial couplingl1§).

The Jacobian linearization of the vector of gravitaéibiorces corresponding to the unactu-
ated shape variablés;, (¢;) w.r.t. ¢, atg, = 0is given by:

0G, (gs)

0qs

0G, (gs)
T dar

0Gs, (gs)
) a¢

e € R?*5 (B.18)

_ | 9Gs.(4s)
qs:0

qs=0 qs=0 qs=0



142 Verification of properties for shape-accelerated balating systems

aGs <QS) 1 O 2X2
Zsu\ds) = c R**=, B.19
dal |, o X2 01| ( )
G, (qS) _ 10 ] 2%2
ul\1s) — € R?*2, B.20
oo o X2 01 ( )
G, (qS) 1 2%2
—_— = - — 2y9 + 2 e R, B.21
By o (Xl X2 X3) [ 0 ( )

wherey, = mygly, x2 = Magla, andys = mqgd:.

It can be seen from E@.18that the Jacobian linearization6f, (¢5) w.r.t. ¢, at the origin is

a function of only the system parameters, and it always ®kist is not invertible. However,
the Jacobian linearization @¥, (¢;) w.r.t. every single shape set at the origin shown in
Eqg.B.19-B.21exists and is invertible.

(i) The Jacobian linearization dff;, . (q;) ' G, (qs) W.r.t. every shape set at = 0 are given
below.

d(My,+(qs) Gy, (s 0 1
(My,0(qs) l .(45)) _ X2 e R (B.22)
Ja 45=0 B4y — 27 + 27 I -1 0 |
d(My,+(qs) "Gy, (s 0 1]
(M,,2(g:) "Gy, (g5)) _ X2 € R (B.23)
da” 45=0 B4y — 27 + 273 I -1 0 |
aMsx sile s -2 2X: -0 _1_
(M,,2(q:) "Gy, (g5)) _ X 20e+ 2 € R (B.24)
a¢ 45=0 B + 7 — 2’}/2 + 2’73 i 1 0 ]

wherey; = mylyr, v2 = malar, v3 = madgr, X1 = mpgly, X2 = Magls, andxs = magd;.

The Jacobian linearization o¥/, .(q;) ‘G, (qs) W.rt. ¢, at the origin is a function of
only the system parameters, and it always exists but is wettible. However, the Jaco-
bian linearization of\/;,.(¢;) 'G5, (¢s) W.r.t. every single shape set at the origin shown in
Eq.B.22—B.24 exists and is invertible.



Appendix C

Software architecture

One of the major contributions of the work presented in thesis is the development of the
software architecture that enabled the ballbot to achibtkeaexperimental results presented in
this thesis. This appendix presents a brief descriptioh@biallbot’'s software architecture.

The ballbot has two single-board computers on its deakst §ingle-core computer running
QNX real-time operating system, and)(a dual-core computer running Ubuntu 10.04 LTS oper-
ating system. The QNX computer performs low-level contfmmations like balancing control,
arm control, yaw control and leg control. These control apiens include reading low-level
sensors like IMU, absolute yaw encoder, ball encoders, arooders and leg encoders, and
also include providing motor commands to ball, arm, yaw agdrhotors. The Linux computer
performs high-level operations like localization and mntplanning. These operations include
reading the laser scanner data to update an occupany gricbhtap environment. The QNX
and Linux computers communicate with each other using sscka a wired connection.

The ballbot’s software architecture includes a graphisalrunterface (GUI), which allows
the user to monitor and control the ballbot. This graphisairunterface is run on a laptop, which
wirelessly communicates with the ballbot’s Linux computieing sockets. The graphical user
interface also includes a joystick controller that allows tiser to control the ballbot using a
joystick. A high-level overview of the ballbot’s softwarechitecture is shown in FigC. 1
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Figure C.1: A high-level overview of the ballbot’s softwamelsitecture.



Appendix D

Links to the ballbot videos

Chapters3—5 presented several successful experimental results orathlmt) and links to the
videos of the ballbot achieving these results are listedviel

D.1. Introduction to the ballbot:
http://ww. yout ube. com wat ch?v=39zeZw VaNO

D.2. Human-robot physical interaction with the ballbot:
http://ww. yout ube. com wat ch?v=m Z_ebj oi FY

D.3. Fast motions for the ballbot without arms:
http://ww. yout ube. com wat ch?v=Wl03f 6ut A8

D.4. Planning in high-dimensional shape space:
http://ww. yout ube. com wat ch?v=YX3Dul A9FLo

D.5. Planning with additional arm constraints:
http://ww. yout ube. com wat ch?v=BW8KmmB9I U

D.6. Fast maneuvers for the ballbot without arms:
http://ww. yout ube. com wat ch?v=VWAF3j TZLgw

D.7. Graceful navigation to achieve point-point and sulaece tasks:
http://ww. yout ube. com wat ch?v=t zNKi Gg50aA

D.8. Surveillance motion with ten goals, and point-pointimo with dynamic obstacles:
http://ww. yout ube. com wat ch?v=t LD} ZDRALUE

D.9. Graceful navigation using regions:
http://ww. yout ube. com wat ch?v=Ss7gsC3r (kk


http://www.youtube.com/watch?v=39zeZwlVaN0
http://www.youtube.com/watch?v=miZ_ebjoiFY
http://www.youtube.com/watch?v=Wd03f_6utA8
http://www.youtube.com/watch?v=YX3DuIA9FLo
http://www.youtube.com/watch?v=BW78KmmB9IU
http://www.youtube.com/watch?v=VWAF3jTZLgw
http://www.youtube.com/watch?v=tzNKiGq5oaA
http://www.youtube.com/watch?v=tLDjZDRA1uE
http://www.youtube.com/watch?v=Ss7gsC3rQkk

146 Links to the ballbot videos
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