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tional state feedback control laws. Secondly, kinematicsfoa spherical robot cannot be
expressed as a chained-form system to utilize nonholonomaontrol algorithms. How-
ever, various types of nonlinear control algorithms were pposed to settle the problem
though none of them provided satisfactory result.

The kinematics and dynamics of the pendulum driven spheridarobot was investigated
followed by linearization for longitudinal and lateral motions through frequency and
state space transformation. Moreover, the controllabiliy of the states of the system was
maintained during linearization. A robust self-tuning sliding mode controller which sus-
pends oscillation, maintains desired speed and compensatér unmodeled parameters
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Symbols and Abbreviations

! vector of quasi-velocities

Vv potential energy of outer shell and gyro case
m total mass of the robot
a torque control input vector
constraint force vector
q generalized coordinates
B(0q) input transformation matrix
A(Q) matrix related with nonholonomic constraints
T Kinetic energy
M () mass matrix
C(g;q coriolis and centrifugal force vector
G(0g) gravitational force vector
N, generalized force
n number of the generalized coordinate

I quasi-velocities i=1...5
. the pose of the robot in ZXZ Euler angle

r radius of the robot
X;y geometric center of the robot
Ix1,ly1 projections of length L on axexy,and y;
u transverse angular velocity (roll)
v forward angular velocity (pitch)
- angular velocity (yaw)
ref desired lean angle
e, tracking error
Sy sliding surface



Ms mass of spherical shell
\Y/ mass of gyro case
M mass of counter-weight pendulum
J Moment of inertia of prototype robot
v Drive torque
u Tilting torque
m Motor torque
—dref desired motor rotation velocity
serr Integral term of e
- motor actual velocity
Ksp; Ksi proportional gain and integral gain
gear ratio
K; Integral gain of —
Kj state feedback gains for j=1,..4
LQR Linear Quadratic Regulator
PD Proportional derivative
Pl Proportional integral

SMC Sliding Mode Control

Xi



Chapter 1

Introduction

The spherical robot is one of several types of mobile robots which has attracted
many researchers due to the nature of its mobility. It provids signi cant merits
over multi-wheel statically stable robots on account of ithigh maneuverability,
good dynamic stability and low rolling resistance. It has aapacity for omni-
directional rolling. Moreover, it is light-weight, compac¢ and has a well-sealed
structure. Thus, a spherical robot is very suitable to be uskin unfriendly or
harsh environments such as outer planets and elds. Furtherore, its highly
coupled complex dynamics and non-linear control provide allenges for the
control engineering eld.

A spherical robot is a nonholonomic system. Hence, tradithial state feedback
control design methods cannot be applied. The current statef the art fo-
cuses mainly on designing mechanical structure with contfable and exible
movement and a practical nonholonomic control method.

Many researchers have proposed di erent kinds of dynamic rdeling and mo-
tion control for a spherical robot almost all of which are basd on open-loop
control. However, the simulation and experiments indicatéhat it is di cult

to achieve precise motion with open-loop control methods drkinematic mod-
els (Zhan et al., 2006).

refers to a ball-shaped rolling robot



Di erent ways to settle this problem have been devised suchsasmooth time-
varying stabilization, discontinuous time-independent tabilization and hybrid
stabilization. However, these methods can only t for nonhoenmic? systems
that can be transformed into a chained formh. The spherical robot does not
satisfy the necessary condition of di erential smoothnes®quired by a chained
system. Consequently, control methods proposed for a nodiomic chained
system cannot be applied.

In the previous thesis, (Nagai, 2008) developed a prototygeendulum-driven
spherical robot and its dynamic model as well as proportiohderivative (PD)
controller aimed at reducing sideway oscillation. Howevethe traditional PD
controller has been found inappropriate control scheme fapnholonomic spher-
ical robot, and it does not compensate for modeling uncertdies associated
with the simpli cation of the complex dynamics of the robot.

Hence, the objective of this thesis is to develop a suitable/mmic model and
an appropriate controller for suppressing sideway oscilian of the prototype
pendulum-driven spherical robot to support manual controbn at-surface op-
eration. These include rebuilding of an existing prototype&obot , simulation
and software implementation of the control algorithm.

The rest of the thesis is organized in the following manner. apter 2 reviews
previous studies of typical spherical robots focusing on dgimic modeling and
control. It also brie y describes principles of design meemisms and applica-
tion of a spherical robots. Chapter 3 describes the modeliraj the prototype
robot. Chapter 4 is devoted to control algorithm developmeénbased on the
dynamic model. The design, simulation and implementationfcsliding mode
controller is brie y described. Chapter 5 explains the combl system hardware
and software. Chapter 6 presents the simulation and experental results of
the control methods. Chapter 7 consists of concluding remes and future work
based upon the results of the tests and observation.

2nonintegrable kinematic constraints and systems with lesscontrollable degree of free-

dom(DOF) than the actual available number of DOF form nonholonomic system.
Skinematics of a system that can be expressed as;= U1, Xo=U, X;=X; iU fori 6 1;2

with control inputs u; and us.



Chapter 2

Literature Review

The next subsections discuss some of the most recent worksthe dynamic
analysis, modeling and control of spherical robots. Morees; typical locomo-
tion principles of the spherical robots are brie y discussk

2.1 Construction Methods of a Rolling Robot

This research is not intended to describe the locomotion mgiples of a spherical
robot. However, it is very important to understand locomotbn principles in
order to model and control a spherical robot. Hence, the basprinciples of
locomotion for a spherical robot are described in brief.

Most spherical robots are based on the principle of moving ¢hcenter of gravity
of a sphere outside of a contact surface area which causes ithieot to fall in
that direction. Depending on the application, spherical rbots can be designed
based upon one of the following seven fundamental principleescribed below.
It is not easy to comparé performance of each type of robot since none of
them have been optimized for use. Thus, performance factaach as speed,

la detailed comparison of each design mechanism can be found (Armour and Vincent,
2006)
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obstacle traversability, or slope climbing as well as smdwotontrollability which
are critical for autonomous mobility are not maximized (Arnour and Vincent,
2006).

2.1.1 Sprung Central Member

This principle of design uses a single driven wheel on a spgumember with a
passive wheel at the other end. The central member has two noos$ for driving
and steering driven wheel. A typical sprung Central membempgerical robot is
Rollo shown in Fig. 2.1.

Figure 2.1: design structure of Rollo (reproduced from Haley 1996)

2.1.2 Car Driven

This design utilizes a small 'car' placed inside a sphere @i2.2). when the
car is driven and steered to the desired direction, the whokphere can move
and steer.

2.1.3 Mobile Masses

The movement of masses along radial axes of a sphere allowalter the center
of gravity of the sphere. The August robot shown in Fig. 2.3 ia typical example
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Figure 2.2: Car Driven design, solid arrow shows rolling angpen arrow shows
steering (reproduced from Rhodri, 2006)

of this type of robot.

Figure 2.3: August robot structural design (reproduced frm Javadi, 2002)

2.1.4 Hemispherical Wheels

The fourth design principle incorporates two hemispheres hich are driven
individually with a single axle. Kickbot (Fig. 2.4) is a typical hemispherical
wheel robot.
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Figure 2.4: Kickbot, a hemispherical wheel robot(reproded from MIT
projects website,http://www.mit.edu/ cbatten/photos/kickbot-photos.html)

2.1.5 Gyroscopic Stabilization

In the fth principle of design, the rolling axis of a wheel isstabilized with
a spinning internal gyroscope and a separate motor is used forward and
backward movement. Fig. 2.5 shows the Gyrover robot which wes with the
principle of gyroscopic stabilization.

Figure 2.5: Gyrover (taken from the gyrover project website
http://lwww.cs.cmu.edu/ cyberscout/gyrover.htm)
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2.1.6 Ballast Mass Fixed Axis

This design consists of an-o axis mass of a pendulum to chawmghe center
of gravity of a robot. The o -axis mass rotates around withina sphere for
rolling and the same mass turns sideways to steer towards asded direction
by leaning xed axis of the sphere. Typical ballast mass xedaxis spherical
robots are Marsball (Fig. 2.6) by (Ylikorpi, 2005), Groundimt of Rotundus AB,
and Roball of Universite de Shebruke.

Figure 2.6: Marsball (Ylikorpi, 2005)

2.1.7 Ballast Mass Moving Axis

This design is very similar to the ballast mass xed axis exge that the axis is

capable of being moved within a sphere. The Rollo (Fig. 2.7pbot by Helsinki

University of Technology and the Rover company Ltd. is a tymal ballast mass
moving axis robot.

The counter-weight pendulum driven spherical robotvhich is a ballast xed
axis mass, is a popular locomotion mechanism since it is mosaitable for
autonomy. Therefore, the thesis is devoted to this type of &grical robot.
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Figure 2.7: Rollo sphereical robot3® generation developed at TKK (taken
from Automation and Systems Technology Department, TKK)

2.2  Applications of Spherical Robots

A spherical robot is used for a number of applications if it igquipped with
environmental sensors. These payloads include a wide-adjlcamera with
360 vision, a night vision infrared camera, microphone and lospeaker, and
sensors for radioactivity, gas, humidity, heat and smoke tection, narcotics
and explosives.

2.2.1 Surveillance and Reconnaissance

Rotundus, a Swedish company, developed a Groundbot (Fig.82.which is a
pendulum-driven spherical robot aimed for applications ke

automated patrolling of large areas
tele-operated surveillance
inspection of remote or dangerous sites

monitoring of explosive gases and etc.
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It is widely applicable in airports, power plants, harborswarehouses, train sta-
tions, border security, fuel deposits and stadium event swillance (Rotundus,
2008).

Figure 2.8: Groundbot ( Reproduced from Rotundus AB)

Cyclops is another miniature spherical mobile robot desiga for remote surveil-
lance and reconnaissance for police and military missions an urban area.
Thus, the nature of mobility and possibility for remote opeation of this robot
allows humans to survey a dangerous situations from a safst@ince (CHEMEL B.
and H., 1999).

2.2.2 Planetary Exploration

The outer planet is an extremely hostile environment with gini cant radiation.
Therefore, the electronic circuit requires shielding fronthe radiation. The
spherical robot inherently provides protection for the iner structure consisting
of the necessary hardware. Moreover, a spherical robot ightweight and highly
maneuverable. Thus, planetary exploration is one of the atictive application
areas of the spherical robots.
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2.2.3 Entertainment

The Sony Corporation has developed an entertainment spheal robot called
Q.taro (Fig. 2.9), which stands for "Quasi-stable Travelig and Action Robot"
shown for the rst time back at the Robodex 2002 exhibition ofobots in Japan.
It is a fully autonomous robot equipped with a number of sens® and it can
recognize voice. The robot was developed to foster an emotb connection
between humans and robot technology (SONY, 2008).

Figure 2.9: Entertainment robot Q.taro (reproduced from Say Corporation)

A spherical robot is also used as a playing toy for children. his is because
children are used to playing with ball-shaped objects likeubber, plastic or
in atable balls. Hence, a behavior based spherical robot eppealing for chil-
dren. An experimental test made with Roboll indicates that kildren become
interested and play with it.

Apart from entertainment, a spherical robot is applicabledr autism therapy. It
will assist a therapist in treatment of autistic children. The robot, an interactive
toy is open to direct physical interaction with a child. The kehavior of the
robot can be programmed by a therapist appropriately for a wie range of
child needs (Michuad and Caron, 2002).
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2.3 Related Work on Modeling and Motion Con-
trol of Spherical Robots

Much research has been performed for decades on the motiontoa of spher-
ical robots. A spherical robot is considered as a plate-badlystem in most
modeling. And the research focuses on the controllabilitynal precise motion
control for trajectory following. A brief summary of some ofthe research is
presented in (Qiang Zhan, 2008).

The dynamics and controllability of a spherical robot were ralyzed a decade
ago. For instance, (Li and Canny, 1990) proved the controltality of a sphere
with di erential geometry and proposed a three-step motiorcontrol algorithm
to converge its position to the desired values. (Halme et all996) set up kine-
matic and dynamic models of a spherical mobile robot and anaked the ca-
pabilities of uphill climbing and overrunning obstacles. Cameron J M, 1997)
discussed a kinematic and dynamic modeling of a nonholonansystem and
derived a simpli ed Boltzmann-Hamel equation for both holaomic and non-
holonomic systems.

(Bhattacharya and Agrawal, 2000) deduced a rst-order matematical model of
a spherical robot from the nonslip constraints and angular omentum conser-
vation and presented simulation and experimental result¢Javadi and Mojabi,
2002) developed the spherical robot called August and estshed the dynamic
model using the Newton method and discussed the motion plaing of the robot
without feedback control. However, simulations and experients showed poor
accuracy due to the open loop nature of the robot control. (Mdherjee R, 2002)
discussed the motion planning and proposed two open-loopntm| strategies
for recon guration of a rolling sphere to a desired positios

More recently (Zhan et al., 2006) discussed the dynamic mduohg and trajec-
tory planning of a spherical mobile robot with a simpli ed Bdtzmann-Hamel
equation. Also, results of simulations and experiments siahat the spherical
robot has a strong tendency to oscillate. Thus the authors noluded that open
loop control is not a solution for spherical robot motion camol and a robust
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closed-loop controller and suitable stabilization methalare required.

Based on simulation, (Jia et al., 2008) indicated that the oot can be steered to
the position that is desired. More importantly, (Liu et al., 2008a) formulated
a kinematic and dynamic model using a constrained generad Lagrangian
Equation. The authors also developed a discontinuous feexdiix control law
using the sliding-mode control method for stabilization. hey further demon-
strated the e ectiveness of the controllers and global asyptotic stabilization
and tracking result by simulations. In other research, (Livet al., 2008b) pro-
posed a proportional integral (PI) controller for drive moton to stabilize ve-
locity and a full-state feedback controller for steering nten and illustrated
the e ectiveness of the controllers by experiment. Nevertess, the results in-
dicated only the feasibility of the idea and further improvenents are expected
in the future.

2.4 Dynamic Analysis, Modeling and Control

The dynamics of a spherical robot is complex and highly nomkar. A num-
ber of authors established various types of dynamic model¥uyjanovic and
Atanackovic, 2003) for spherical robots. Firstly, with theEuler-Lagrangian
equation based on the total energy of the system related to texnal forces;
secondly, with the Gibbs-Appell equation which is kinetic mergy of accelera-
tion of the system related with generalized applied forcethirdly, with the Kane
equation which is similar to the Euler-Lagrangian equationvithout concept of
virtual displacement and nally, with the simpli ed Boltzm ann-Hamel equation
which is a form of Euler-Lagrangian equation in terms of quasoordinates.

The spherical robot and its internal units are considered anultibody dynamics
in most models. Moreover, the rolling without slipping motn of spherical
robots results in a nonholonomic constraint. Accordinglyyarious control laws
are developed based on the model. The following subsectiahscuss in detalil
typical modeling and control approaches frequently used bsearchers.
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2.4.1 Modeling and Control of BHQ-I Robot

BHQ-I2 is a counter-weight pendulum driven spherical robot simitao Ground-
Bot of Rotundus (Fig. 2.10) which consists of two motors forrving and steer-
ing. The rotation of the two motors causes a counter-weightgmdulum to
rotate about the x and y axes. As a result, the center of grawitof the robot
is displaced.

Figure 2.10: structure of GroundBot and BHQ-I (reproducedrbm Rotundus
AB)

The dynamic model is basically derived using kinetic energgssociated with
generalized and quasi-velocities. These velocities aretabed from the non-
slipping constraint condition of the robot. The simplied Boltzman-Hamel
equation (2.1) is used to model the dynamic motion of the rolbo

da X a * a

I = Ty =1 sl Sj@—i jI@jq

e (2.1)

j=1 s=1 i=1

where, ! is the vector of quasi-velocities,T is the kinetic energy, N, is the
generalized force, and are the coe cients, | denotes independent quasi-
coordinates or related quantities and n is the number of theegeralized coor-

2Even after extensive searching of Internet resources, thermins of the name is still
unclear.
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dinate q. The chosen quasi-velociti€sof the robot, expressed in matrix form

S 2 3 2 32 3 2 3
Iy 0 0 0O cos sin sin X X
) 0O 0 0 sin sin cos y Yy
l32=60 0 1 0 oS _7=Ta _ (2.2)
4 1 0 0 rsin r sin cos — _
I's O 1 0 rcos r sin sin — _

where,! ; , !, , ! 3 are the projections of the angular velocities of the robot
on axesi,j,k of the moving coordinate frameo'ijk, which is parallel with xed
frame oxyz shown in Fig. 2.11, x and y are geometric center of the robot, r
is radius of the robot and , , are the pose of the robot in the ZXZ Euler
angles.

From this equation, we can derive the coe cients j from and (inverse of
) as in Equation(2.3)
X X
i =
k=1 s=1

I k@ @
'SS@ﬂ @q

Hence, kinetic energy can be expressed by quasi-velocitss

) (2.3)

1 7 2
= ém[ng(! 24124 grzl 2421 50, 2t ls+ 12417 (2.4)
The dynamic equation is then computed from, , T and Equation (2.1)
mr2l; = m) v,
mr2l, = md+rv, (2.5)
Zmr2l; = md

where, mf(i=1,2,3) are the projections of the main momenim® on axesi, j, k

of the moving coordinate frameo'ijk shown in Fig. 2.11 on the robotV; and
V, are the projections of force vectoW on axesi andj, and m is the mass of
the robot.

(Zhan et al., 2006) derived the required input moments of eAcmotor for
straight and circular trajectories using Equation (2.5). 1 the robot moves at a

3quasi-velocity is another way of describing velocity of a sgtem and can be linearly related
with generalized velocity which is true velocity of the sysiem.
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Figure 2.11: Frame assignment for BHQ-I (Zhan et al., 2006)

xed speedyv, the input moments, M; and M, of the motors are determined:
along straight line trajectory

Mi;=mgl, = fr (2.6)

M2:O .
and along circular trajectore/

Mi=mgly; = fr 2.7)

My=mgly; = 72?{2
where, l,; andly, are projections of lengthL on robot centered coordinate axes
X1 andy; respectively. The required torque of a motor to drive the rotst and

its internal mechanism can be selected according to Equati® (2.6) and (2.7).

Based on an experiment and simulation, the authors indicadethat the robot
cannot be precisely controlled with the open-loop control ethod outlined
above. This can be easily seen from the assumption that rotah about the y
axis is not considered and decoupled moment equations fockaxis are inde-
pendently described. However, the motion of the robot abouts axes is highly
coupled and if neglected it requires a compensator.

A related model based on the Boltzman-Hamel equation was &tdeveloped
for a second prototype model, BHQ-II which is designed for amanned environ-
ment exploration, by (Qiang Zhan, 2008). In this model, a trgectory tracking
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controller is designed based on the back-steppihgnethod. Numerical simu-
lations indicate that the controller successfully tracks lie desired trajectories
asymptotically. However, it was not veri ed with a practicd experiment.

2.4.2 Modeling and Feedback Control of BYQ-III Robot

BYQ-IIl is a kind of pendulum-driven spherical robot built for research in the
School of Automations at the Beijing University of Posts andlelecommuni-
cations. The actuation mechanism of this model (Fig. 2.12)oasists of two
separate actuators: a steer motor which mainly controls thsteering motion
and a drive motor for forward or backward acceleration (Liuteal., 2008a).

Figure 2.12: Prototype BYQ-III robot (Liu et al., 2008a)

(Liu et al., 2008a) developed a kinematic and dynamic modeksuming rigid
spherical shell rolling without slipping and a counter-wgiht pendulum as a par-
ticle. The motion of the robot was modeled in the roll(u), yaw ) and pitch(v)

states neglecting other motions. With these assumptionsheé kinematic model

“4a recursive control law based on the model of the system in wbh new variables are
introduced depending on state variable, controlling paraneter and stabilizing functions.



2.4 Dynamic Analysis, Modeling and Control 17

is 2 2 32 3
x_ rsin r cos cosu O u
§ Lé g r cos rsin' cosu 0 ég \Lé (2.8)
' 0 0 1 '

where,' is heading of the robot,u is transverse angular velocity (roll rate),
v is forward angular velocity (pitch rate), ' _is angular velocity (yaw rate) in
the body- xed frame and (x;y) is position of center of the robot de ned in an
inertial frame.

Figure 2.13: Orientation of the shell (Liu et al., 2008a)

The dynamic model is described by the Euler-Lagrange equati under non-
holonomic constraints with

M(ag+ C(a;Qa+ G(a) = AT (q)+ B(q) (2.9)

where, q is generalized coordinates,is a constraint force vector, is a torque
control input vector, M(q) is a symmetric and positive de nite inertial matrix,

C(q;q) is a centripetal and Coriolis matrix, G(q) is a gravitation \ector, B(q)
Is an input transformation matrix, A(q) is a matrix related with nonholonomic
constraints.

With the two control torques, the simpli ed dynamic equations of the robot
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are
(mr2+ [)u= (mr2+1)cosuv'_+
mr2cogu+ |)v+ | sinu= (mr2+ 1)cosuu’
(1 _ ) ( ) - (2.10)
smr2sin2uuv +
['e + | sinuw= | cosuu'

where, m is total mass of the robot,| is moment of inertia of the robot about

its rolling axis and r is radius of the sphere. The lean angle is coupled with

the spinning anglev and steering anglé at the velocity level throughv and

Approximate uncertainties are modeled as disturbances dag linearization
and sliding mode control methods are employed (Liu et al., 28b). Assuming
u, Vvaresuciently small, and u= u,v= o+ Vv, ¢ isthe nominal value, the
linearized and decoupled model can be represented as

e = 0'_+ fu + 1 (211)
= o U (2.13)

where f, and f , are approximate uncertainties.

The authors have designed closed loop control independgntbr controlling
the velocity v to the nominal value . Accordingly, » is designed to robustly
stabilize the origin v=0 as

2= ki v kyisign( v V) (2.14)
where ky; > 0, k,>sup| f |, and ,>0.

The sliding mode control with sliding surfaces,= , v is proved to stabilize
the origin using the Lyapunov functior?. For position control, torque control

SLyapunov method determines the stability of an equilibrium point without solving the
state equation using a continuously di erentiable function called Lyapunov function.
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input ; was chosen from Equation (2.11) as

1= Kuiey Kku€y  (u)sign(s,)

&= U U

Su= &+ & (2.15)
(u)= aui+buj+ jRj+sup( fy)

R= W (koat u) U ku2 Uy

where a, b, , ky1 and ky, are positive parameters which satisfy the conditions:
u kul a, kuz band 1< .

(Liu et al., 2008a) showed that the control input stabilizeghe sliding surface
with the presence of the disturbance f, in the system. Position-tracking
errors converge to zero and the heading-direction is bourtle Furthermore,
the authors developed a line following controller for trackg a desired line
based on the derivative of the curvature of the path. The pattturvature of
the contact point can be expressed by a steering function as (2.16) in terms
of the lean angle. Thus, it is possible to indirectly controthe path curvature
to steer the robot by changing its lean angle.

1 _ tanu(t)
®  or

where (t) is the radius of the curvature from the center of rotation.

k(t) =

(2.16)

Position control law can stabilize the robot to a prede ned éan angle which
corresponds to the desired path curvature.

The proposed sliding-mode controllers to stabilize the tcking errors in lean
angle and spinning velocity which indirectly stabilize thelesired path curvature
were e ective according to numerical simulations (Liu et a] 2008b). However,
the results of the simulation which considered the non-lire and coupled model
of the robot may not perform well in the real world without mod cation. This
is because the assumptions made may not hold in a real dynaneiavironment
due to a number of unmodeled errors and disturbances. Howegveliding mode
control is a robust controller which can compensate unmodel errors if it is
implemented with proper controller coe cients and a slidirg surface.
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2.4.3 State Feedback Linearization

The BYQ-III robot described in Section (2.2.2) was modeleddsed on the
Euler-Lagrange equation by considering the robot as a multiody system com-
posed of two rigid links and regarding the pendulum as a padie. Additionally,
a state feedback controller was designed. The basic assumps in deriving
the dynamic model were

rotational axis of gyro case is parallel to one of the princg axes of inertia
of gyro case

no slipping on the horizontal plane
outer shell is a spherical one that is completely symmetrica

e ects of various types of friction are modeled as pure visae damping

The equations for kinetic energy,T and potential energy,V for a system con-
sisting of a spherical shell and inner driving mechanism isdcribed with the
Euler-Lagrange equation

d@L @L, .. _
i @ @q+A Bu (2.17)

and L=T-V is total energy computed for the simpli ed model in Fig. 2.14s

Figure 2.14: Simpli ed model of the robot (reproduced from iu and Wang,
2008)
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[IN)

L = a? b_ cos + c_2_2 dcos V d (2.18)
where,a= Mgr2+ Mgcr?+ Mr2+ g+ lge, b= Mrl ,c= MI?,d= Mgl, V
is a constant potential energy due to symmetry of the spheat shell and gyro
case,M; is mass of the shellM is mass of the counter-weight pendulumi 4.
is mass of the gyro casds is moment of inertia of the shell,l 4c is mass of the
shell, r is radius of the sphere and is length between centers of the shell and
the pendulum.

Computing Lagrangian derivatives in (2.17), the nonlineaequation of motion

can be expressed as

n #
0
M(a)g+ C(a;q) + G(q) = (2.19)

where the generalized coordinates for this system are
h ir h it
= & ¢ = (2.20)

The standard nonlinear state space form of Equation (2.19% i
x = f(x)+ g(xX)u (2.21)
where h

x= g q : (2.22)

Although the rolling and steering motions in their respectie planes are highly
coupled to each other, they can be decoupled under the assuiop that the
rotation velocity is low (Liu et al., 2008b). Thus, it is feagble to design a linear
feedback law for the system to control the lean angle and rimlfy speed of the
robot. Accordingly, the rotation velocity of the motor . Can be stabilized
by designing a linear state feedback according to Equation2.@3)

u = kdp( —dref ) * Kai derr (2.23)

where, gerr IS the integral term of (gres  —4)-
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A separate control law is used to stabilize the desired leamgle (Liu et al.,

2008b). It consists of rstly an inner loop which feeds the daal velocity of a

steer motor back into a Pl controller; secondly, a mid loop kiear Quadratic
Regulator (LQR) that uses full-state feedback; and nally,an outer loop inte-
gral controller which tracks the desired lean angle and autmatically compen-
sates for frictional torques that must be overcome to achiewvracking as shown
in Fig. 2.15 below.

Figure 2.15: structure of lean angle controller (reprodudegrom Liu and Wang,
2008)

The augmented state vector which arises from the integral tes added to the
system is h i
T
Xa = XT serr (224)

Hence, the closed loop standard nonlinear state space forande rewritten as

2 3
f (X) + g(x)(ksp( —sref -S) + ksi serr

Xa = =l S é fa(xa; ref) (2-25)
ref 1 0 0 x

Linearizing this equation about its equilibrium pointx;=0, a controllable state
was obtained in

@
Xa t g Jxa—Oa ref =0 ref (2-26)

JXa—O , ref 0 a
|@X | ref {Z }
B
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Although the authors deduced a smooth stabilizing contrar from the control-
lability of the pairs A and B, the nonlinear state equation inEquation (2.25)
does not provide a controllable state when it is linearizedoaut its equilibrium
according to Equations (2.27) and (2.28). Thus, nonholonduoity of the robot
prevents an approximate controllable linear state equatio

2 3
0 0 1000
0 0 0100
0 22kcd g g 0 0
A = bzbdac (227)
0 2 0000
0 0O 00O0O
1 0 0000
h it
B= 000O0O0 1
h i
rank B AB A2B A3B A‘B ASB 66 (2.28)

However, the authors demonstrated the e ectiveness of thewtrollers with an
experiment although they pointed out that the controller slould be improved
to obtain better dynamic performance of the robot in future Liu et al., 2008b)



Chapter 3

Modeling of the Prototype
Spherical Robot

In this chapter, kinematic and dynamic analysis, and modeig of the prototype
spherical robot (Fig. 3.1) developed at Automation and Sysims Technology
department, TKK is discussed. The robot is equipped with twdunctionally

di erent motors. A DC motor provides longitudinal forward and backward
motion on a plane while a servo motor provides steering motido the robot to

a desired direction in another plane. The servo motor is load with a counter-
weight pendulum suspended with an arm to provide torque forisplacement
of the center of gravity of the robot to achieve the requiredongitudinal and

lateral motions.

3.1 Steering Torque

The servo motor can steer the robot by leaning in the desiredrdction. Thus,

leaning torque is indirectly provided by the servo motor. Wkn the servo motor
lifts a counter-weight pendulum in either direction, the gavitational force due
to the mass of the pendulum exerts a torque (Fig. 3.2). It is iB torque that

tilts the robot to a speci ed orientation.
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Figure 3.1: Prototype pendulum driven spherical robot

Figure 3.2: Gravitational torque which leans the robot for &eering motion

The lean torque exerted due to steering with servo motor is
v = Mglsin (3.1)

where, s tilt angle of the pendulum from the vertical,| is the length of the
arm from the center of the robot to that of the pendulum,M is mass of the
pendulum andg is gravitational acceleration.

Hence, the lean angle control for steering can be achievedhwservo torque.
Moreover, the path curvature of the robot which is the invers of the radius of
the curvature , is controlled by controlling the lean angle of the robot aarding
to Equation (3.2). There exist a centrifugal force and gyra®pic e ect which
balance steering force to stabilize the robot in a curvilire motion. However,
the centrifugal force acting on the robot is very small for aow angular rate of
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veering and small radius of curvaturg and gyroscopic e ect is negligible for a
low speed of the robot.
1 tanu

— (3.2)

3.2 Dynamic Analysis of Longitudinal and Lat-

eral motions

The accuracy of modeling actual dynamics of the ball shapedbrot determines
accuracy of control method. Moreover, it is desirable to mail the complete
motion mathematically in such a way that can be utilized in cotrol algorithms.

In general, there are two ways of viewing the dynamics of thelserical robot
depending on the state variables used in the control algahnitn. Firstly, a com-
plete con guration of a spherical robot can be described witsix independent
coordinates (position and orientation) by considering théotal dynamics of in-
ternal mechanism as an entity. Secondly, the spherical roband its internal

mechanism are modeled as a multi-body system. In the follavg subsection,
the former is considered for the analysis of the prototype bot.

3.2.1 Dynamic Model of the Robot as a Spherical Body

In this model, the total motion of the robot is considered in asuch a way that
the inner mechanism and the mass of the pendulum is includeda 3-D model of
the robot as shown in Fig. 3.3. This modeling approach is pested over multi-
body system for two reasons. Firstly, it clearly portrays Eler angles and Euler
rates of the robot associated with lateral and longitudinamotions for advanced
control development. Secondly, the actuator which driveshe pendulum has
built-in control system to control angular position and it dives the pendulum at
constant speed. Thus, the states of the pendulum have beenealdy controlled.
However, the e ects of the pendulum dynamics are incorporatl with entire

Inote that the motion of the robot is rotational motion withou t translational velocity.
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motion of the robot through virtual torque about longitudinal and lateral axes
at the center of the robot.

The robot is assumed to roll without slipping. Hence, the vekity of the robot,
v at the instant in contact with the surface atp. is zero.

v+! r=0 (3.3)

where, r is the radius vector whose magnitude is the radius of the spiee
The angular velocity,! of the robot with respect to an inertial frame can be
computed by transformation of the body frame coordinates as

' = ui+(_sinu+ v)j +('_cosu)k (3.4)

where, (i,j,k) are unit vectors of the body- xed frame.

Figure 3.3: Con guration of the prototype robot in body and nertial frames

The constraint condition in Equation (3.3) provides Equaton (3.5) in an inertial
frame as described in Equation (2.8).
X= rsin' u+ rcos cosuv.

) (3.5)
y= rcos u rsin' cosuv.

The generalized coordinates are de ned as u, v aiid Hence, the Lagrange
equation is

d@L @L._

a@ @V_ nm Tt (36)
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d@L @L_
a@_ @u— u (37)
d@L @L_

i@ @ ° (3.8)

where, X and y are velocities in x and y directions respectively, is angular

velocity of the robot, ., is torque provided by DC drive motor, T; is viscous

friction between the spherical shell and the surface, is gear ratio,’ is heading

angle (yaw) of the robot,u is lean angle (roll) of the robot which is the sideway
motion with respect to the progressiony is spinning angle (pitch) of the robot

in the direction of the progression and is radius of the spherical shell.

The friction force between the robot and the surface is assah to be Coulomb
and viscous friction. The Coulomb friction is constant and scous friction
depends on the velocity of the roboty. Thus, the total friction force is

T = kevr + Tg (3.9)

wherek; is the viscous friction coe cient of the surface
The Lagrangian parameters are given by

L= K+T V

K= sm(x?+ y?)

T= 2J(u?+ v?+'2+2sinu'v)

V=0
where, L is total energy, K is translational kinetic energy of the robot, T
rotational kinetic energy of the robot,V is potential energy of the robot from
the center of the spherem is total mass of the robot and) is moment of inertia
of the robot.

(3.10)

From Equations (3.6) - (3.10), the modi ed equation of motia for the proto-
type robot is

(mr?2cogu+ J)v+ Jsinue= (mr2+ J)cosuu'_
Imr2sin2uuv  kevr T+

2 = = Ten v (3.11)
(mr2+ J)u= (mr2+ J)cosuv'_+

J's + J sinuv= J cosuuv.
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where,  is applied torque to the robot for driving and , is applied lean torque
for steering.

Equation (3.11) completely describes the 3-D model of the gotype robot by
revealing its yaw, roll and pitch motions.



Chapter 4

Control Algorithm Development

The dynamic model of the prototype robot described in the préous chapter is
not suitable for controller design due to the coupled and ndinear dynamics.
Hence, it is required to approximate to benet from the modelfor control
algorithm development.

The most common approach to reduce a complex dynamic modeidra usable
form for control is through linearization. However, an appximate linearization
of nonholonomic systems causes loss of controllability. iee, it is necessary to
maintain controllability of the system during linear approimation. A di er-
ent approach from previous studies is presented to tackleduproblem in this
thesis as outlined in Fig. 4.1 through transformation fromime domain to fre-
quency domain and vice versa. Firstly, coupled nonlinear dgmics is partially

Figure 4.1. Sequence of operations for controller design

linearized for practically small roll angle. Secondly, tls coupled linearized
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model is described using the Laplace transform which ressilin decoupled lin-
ear model in frequency domain and nally, state space modetd longitudinal
and lateral motions are developed to design the controllers

Figure 4.2: Control system architecture

The control system architecture of both longitudinal and léeral motions is
shown in Fig. 4.2. Here, the counter-weight pendulum (CW-pelulum) and
spherical shell are described as separate loads of drivimglasteering motors for
simplicity of representation. However, the DC motor drive$oth the spherical
shell and pendulum.
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4.1 Approximated Linear Model with Compen-
sation

The highly coupled dynamics of the prototype robot is lineazed according to
(Liu et al., 2008a) and modi ed. The coupling terms are elinmated from the
equation and compensated with an uncertainty model f, and f,.

For a su ciently small roll angle u

cosu 1
. (4.1)
sinu u
Hence, Equations in (3.11) can be rewritten as
- ' \ —
Y= U__+m kevr+ Te= fu+ 2 kevr+ T (4.2)
— 1 1 u = L}
M= o + V _+ e o+ fu+ 1 (4.3)
's = o U (44)
fu=" vand f, =" uare variable model parameters whose values can not

be predetermined. However, the robust sliding mode conttets compensate
for the variation of these parameters during motion. v is a small velocity
deviation from the nominal speed .

4.1.1 Longitudinal Motion and Driving Motor Model

The DC motor which drives the sphere forward and backward isupplied with
voltage and generates torque according to Equation (4.5).

E=IR + k¢ ny
m = Kl = l(ktE Keki! m)

R

(4.5)

where, E is supply voltage to the DC motor,ke is speed constantk; is torque
constant, R is resistance of motor winding] Current owing to the motor, !
is Speed of the DC motor.
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The shaft of the drive motor is coupled with a torque transmision shaft via
two stage gears(Fig. 4.3). The rst stage has a driving geapinion) mounted
on the motor with N; teeth, and a driven gear mounted on the intermediate
shaft with N, teeth. The second stage has a driving gear mounted on the othe
end of the intermediate shaft withN; teeth and the driven gear mounted on
rolling axis with N4 teeth. Assuming that the loss of power through gears is
negligible, the resultant gear ratio is calculated.

Figure 4.3: Driving torque gear system

T,= —2T 4.

2 Nlm (6)
N

y = NéTz (4.7)

Combining Equations (4.6) and (4.7), the load torque providd by the DC
motor via gear system is

NN,
= T, 4.
N T (4.8)
Hence, the total gear ratio is LN
41N 2
= 4.9
NoN, (4.9)

Transforming the motor torque to the load through gear ratio
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nkiE  n?kek,v
v=NTy = F; = = (4.10)

Laplace transforming Equation (4.2), speed to torque modées

sV(s)(s+ kir) = mTV”+ T.+ f, (4.11)

Direct torque control is not suitable for manual operation bthe robot, hence
the speed of the motor and resulting speed of the robot is coolled via the
supply voltage according to the model shown in Fig. 4.4.

nzkekt nkt

+ + — — )= + To+ ——
sV(s)(s+ kgr R(mr2+J)) fy+ Tc R(mr2+J)E

(4.12)

The ideal transfer function of speed of the longitudinal madn to torque and
supply voltage respectively is

lu(s) 1 1

W(S)  mr2+ Js+ ker (4.13)

lv(S) Nk 1
= : 4.14
E(s)  R(Mre+ J)s+(kir + gifskss) @

where,! ,(s) = sV(s) is the speed of the robot.

Equation (4.14) indicates that forward and backward drivig motion is stable
through voltage control. The extent of stability is determhed by physical
parameters of the DC motor and sphere which determine the pgtisns of the
poles of the system. .

4.1.2 Lateral Motion Model

The steering of the robot can be modeled approximately withhe linearized
Equations (4.3) and (4.4). Hence, the Laplace transformain of these equations
are given by

sPu(s)= oS (s)+ fu+ W‘;J (4.15)
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Figure 4.4: Block diagram of the relationship between cortl voltage and speed
of the robot

s (s)=  osu(s) (4.16)

Combining Equations (4.15) and (4.16), the roll angle to taque transfer func-
tion is given by
24 2= v
u@E)s+ 0= fut —5 3 (4.17)
The torque required to lean the robot by steering the pendula mass can be
approximated for a small steering angle, wheresin as

u = Mgl (4.18)

Hence, the transfer function of the steering angle of the péalum to the lean
angle of the robot is
u 1 + fu

mr2+Js?+ 3 &2+ 2 (4.19)

u(s) =

And the input output relation is shown in block diagram in Fig 4.5. The poles

Figure 4.5: Transfer function of lean angle and titlt angle fothe pendulum

are
S= ] o (4.20)
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Thus, the poles of the transfer function

u(s)
(s)

are on the imaginary axis (Fig. 4.6) which indicates that thdateral motion of

the robot is oscillatory. Due to simpli cation of the model,the lateral sideway
motion is in undamped oscillation. However, the model agreavith very slowly
damping oscillation model (Nagai, 2008) with poles ad= a | o wherea is
negligible value.

Figure 4.6: Poles of Lateral motion

Therefore, active and/or passive suppression of sidewayciigtion is required

for smooth operation of the robot. A damper inside the spherean be used
to reduce the oscillation although it causes hardware chaeg of the system.
Alternatively, an external damper can be used on the outer Hing surface of the
robot at the cost of increasing rolling resistance as shown Fig. 4.7. However,
an active oscillation suppression is mandatory although aagsive damper helps
reduce the oscillation. Thus, this research focuses on aeticontrol methods
such as sliding mode control in the remaining sections of ththapter.
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Figure 4.7: Proposed passive sideway oscillation Model

4.2 Sliding Mode Control Design

Sliding mode control(SMC) is a standard robust control apgrach to tackle
the parametric and modeling uncertainties of a nonlinear syem. A typical
structure of SMC is composed of two parts: nominal part, sifar to feedback
control and nonlinear part, additional terms aimed at deafig with uncertainty.

In sliding mode, the system is driven to a stable manifold anslide to equilib-
rium. The objective of switching control law is to drive the mnlinear system
state trajectory onto a designer-chosen surface in the staspace. The system
state trajectory is maintained on a sliding surface for the ubsequent time.
When the state trajectory is above the sliding surface, a fdback path has one
gain and a di erent gain when the trajectory goes below the stace. Ideally,
the switched control maintains the system state trajectoryon the surface for
all the subsequent time and the state trajectory slides algnthis surface. How-
ever, there exist drawbacks of sliding mode control: its ssitivity to controller
parameters and the tendency to oscillate due to switching aund the sliding
surface.

The system is represented in a state space to design the sigimode controller.
In addition, the stability of an equilibrium point is determined by the Lyapunov
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method without solving the state equation. Moreover, the gling mode control
law should take the shortest possible time during the reachg phase and it
should not generate any chatteringduring the sliding phase. Accordingly, the
speed and roll angle controller are separately designed amdplemented by
reducing the inherent drawbacks arising from traditional lsdling mode control.

4.2.1 Speed controller

The state space model of longitudinal motion which is conveant to design
sliding mode control is shown in Equation (4.21). The contiability of the
system and stability of the sliding mode speed controller arimportant factors
that determine the e ectiveness of the sliding mode contrtdr design.
" # " # # 0" #
X1 0 1 X1 0

= + 4.21
X2 0 kf r X2 1 2 ( )

where, x; and x, are state variables representing the pitch angle and velogi
of the robot respectively and , is control input (torque scaled by the inertia
of the robot) of the longitudinal motion.

The controllability matrix R, given by Equation (4.22) is full rank (rank =2),

hence longitudinal motion is controllable.
n #

R = (4.22)

X, is stable ifx; = Kky1X1, ky1> 0. De ning stable manifold as

S= Xy + Ky1X1; (4.23)

X1 = Xo = klel + S (424)

is stable if s= 0. The time derivative of s is given as

S=Xo+ KXz = KirXa+ 2+ KyiXo (4.25)

Iphenomenon of a high frequency oscillation
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The stability can be evaluated using the Lyapunov function iad its derivative

as
\ = 152

3 (4.26)
VL=ss=s( kirxz+ 2+ KyiX)

\L is negative de nite if

8
3 <0 ifs>0
Kirxo, + o+ kv:LXZS =0 ifs=0

>0 ifs<O

According to Lyapunov criteria, stability is assured by usig the control law
2= (ker + ky1)xo  kysign(s) (4.27)

The sliding mode controller in Equation (4.27) is used to stalize the speed of
the prototype robot to the desired nominal speed. The comyke longitudinal
motion model with sliding mode speed controller is shown ini¢. 4.8. A smooth
stabilizing controller without chattering is achieved wit k,; =1 and k, = 1
through experimentation.

Figure 4.8: Speed control simulation Model
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4.2.2 Roll angle controller

A control law which can suppress the oscillation of a roll amg of lateral motion
is developed based on sliding mode control, and the resulteeadiscussed in
Chapter 6. The concept of the control algorithm is partly adpted from (Liu

et al., 2008a) and modi ed for a real time application.

The state space representation of linearized model of lasmmotion is
n # n #ll # n #
1 0
+ 1 (4.28)
2 0 X2 1
where, x; and X, are roll angle and roll angle rate of the robot respectivelyral
1 Is control input of lateral motion. From the state matrix and input constant

vector of Equation (4.28), the controllability matrix

n #
01

R = (4.29)
10

is a full rank. Thus, the lateral motion is controllable.

From an approximated model of the prototype robot, it can be educed that
a proportional derivative controller is required to elimirate the oscillation of
lateral motion. This can be achieved with sliding mode contd which also
compensates for modeling errors with its nonlinear term. Hee, the sliding
mode control is designed to eliminate the lateral oscillain of the robot.

The state variables of the model are modi ed as

Xp=6&= U U

(4.30)
Xe=&= U U
whereu, is the reference roll angle.
e, is stable ife; = ky1€, , kyr >0. Hence, the convergence of the lateral

oscillation can be achieved with a sliding surface

Su= @u + kuleu (4-31)



4.2 Sliding Mode Control Design 41

With the Lyapunov function,
1 2
V(sy) = ésu (4.32)

VL= 5,8y = Su(Kuzu + 1+ Ku1€y) (4.33)

Hence,\L is negative de nite if
8
3 <0 ifs;>0

kuzeu"' 1"'kule_uB =0 ifSUZO

>0 ifsy<O
Consequently, stability can be insured if
8
3 < (@) ifs,>0
1y =(e) ifsy=0
© > (&) ifsy <0

where
( eu) = Kuz&y kule_l.L

Hence, the required stability can be achieved through the otvol law

1= Kio&w  kui&y  kussgn(sy) (4.34)
wherek,s >0, k> >0

The performance of the system is sensitive to the slope ofdstig surfaceky;.

A large value ofky; results in a fast response but the system becomes unstable.
Conversely, a small value ok,; results in a stable system but the response of
the system becomes slower. Thus, an optimum value lof; which results fast
response and stable system is desirable. However, the extiste of unmodeled
system parameters makes the problem more cumbersome in det®@ing the
optimum value.

The simulink model comprising the lateral dynamics of the twot and a sliding
mode roll controller of Equation (4.34) is shown in Fig. 4.9A bias proportional
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Figure 4.9: Lateral motion control simulation model

to product of nominal speed and a yaw rate of the robot is adddd the sliding
mode controller to compensate for the dynamic model unceitdy associated
with yaw motion according to Equation (4.3). In this simulaion, delay due to
the feedback measurement sensors is assumed to be negégilA chattering
free and converging controller output is achieved throughnaexperiment with

v = ky1 = 10, kg2 = 10 and ky3 = 1. The results of the simulation are
discussed in Chapter 6.

This simulation is based on an approximate linear model of ¢ prototype
robot which may not represent the actual dynamics of the sysin. Hence, the
simulation model of coupled dynamics of the robot based on &ation (3.11)
is shown in Fig. 4.10. However, there are a number of factorsited in the
model to reduce complexity of the equation. For instance, ifition between
gears, DC motor inductance, properties of the spherical dheetc. Hence,
tuning controller coe cients experimentally with actual hardware is necessary
in addition to the simulation.
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4.2.3 Sliding Mode Control Implementation

The controllers designed in Equations (4.27) and (4.34) aienplemented in
software. Software implementation clearly requires disetization of continuous
control signals. Although a sliding mode controller is degned for continuous
state model, it is equally applicable for a discrete systentase model with suf-
ciently small sampling time of the control signal. Accordngly, the continuous
time derivatives of error signals are implemented as di enees between sam-
ples within the loop update time. Furthermore, the set pointdesired steering
angle) is removed from the derivative term of lateral contloEquation (4.34)
since change in set point may cause an unwanted change in cotier output.

One of the challenges in implementing a sliding mode contled is determin-
ing controller coe cients kg1, Ky2, Kys, Ky1 and k,. Determining these coe -
cients mainly depends on an experiment rather than simulatn. Genetic al-
gorithm is proposed to determine the controller coe cientswith known upper
bound (Wong and Chang, 1998). However, controller coe cigs determined
through simulation may not work in practice unless the systa model is as
accurate as the actual physical system. Hence, nding SMC eients which

drive the states to sliding manifold with a minimum time and naintaining them
without chattering is one of the most challenging experimes of this project.

However, a method which enables to determine an optimum vawf slope of
sliding surfacek,; is implemented to simplify some of these challenges. The
slope of the sliding surface is continuously updated in reéime based on the
system error and multiplied with predetermined value ok, to search for opti-
mum value. The relative values of fastness and slowness oé ttesponse of the
system are provided with the rst and second order derivati@s of the error in
Equation (4.35).
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8
3 0 DD d D) jek) ek 1) j ek 1) ek 2)

a(k) = >

M0 ek D (e Dk D it jek) ek 1j<jek 1) ek 2)]

(4.35)
The normalized acceleration of errora(k) provides a relative rate information
about the system response in the range of [-1,1] where 1 andefiresent a very
fast and very slow response respectively. The medium rateatcharacterizes
increase or decrease of system response with a constant tates the value of
zero acceleration.

The slow and fast response of the system is controlled with aecient K.
which depends on error and acceleration of the error. Whenetlerror increases,
K increases to make the system response faster and it decreaseacceleration
of error increases to make the system more stable. Therefoen empirical
relation in Equation (4.36) proposed by (I. Eksin, 2002) is sed to determine

the value ofK..
(a Amin )5
1+j¢
where, ayn is a predetermined value for acceleration of error.

K:= e+ Amin (436)

The system response is considered to be slow enough when theeberation
of error is less than a predetermined value,, = 0.2. The second term in
Equation (4.36) ensures that the overall slope of the slidinsurface is positive.
Thus, the self-tuning slope of the sliding surface of the ctoller with adaptive
coe cient K. is k,1Ke.

Moreover, a saturation function in Equation (4.37) is used saa substitute of
sign(s) to eliminate the chattering problem that exists in the practcal imple-
mentation of the sliding mode controller.

8
% 1 for s>

sat(s; )= _ s for jsj (4.37)

1 for s<
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where, is a small positive value.

Figure 4.10: Simulation model of coupled dynamics with corller



Chapter 5

Prototype Robot Hardware and
Software

The system consists of a prototype robot and control statidn The proto-
type robot is composed of a mechanical structure, electrooi@nical devices,
electronics and software. The mechanical structure is dgsed and developed
at the Automation and Systems Technology Department, TKK. Athough the
electronics schematics were designed and developed dunimmgvious research,
there were several unidenti ed problems in the electronicircuits and servo
motors. Consequently, the system was out of operation untit was resolved
during this project which is brie y described in Section 5.9 More importantly,
a robust control algorithm is implemented with software embédded in the mi-
crocontroller. The next subsections describe each hardwaand software used
for the control system.

5.1 Hardware Architecture

The prototype robot is equipped with an on-board microcontller, a commu-
nication system, power supply, internal sensors for confr@and actuators as

ta computer used for commanding the robot
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shown in Fig. 5.1. The layout of the hardware originally from(Nagai, 2008)
is modi ed to accommodate newly implemented yaw rate sens@gyroscope),
potentiometer and servomotor. The control station performs higher level op-
erations such as monitoring sensor data, setting speed, estieg, driving and
stopping the robot.

Figure 5.1: Hardware architecture

5.2 Measurement Sensors

The feedback control system requires measuring the outpugsals of various
system parameters. Physical quantities which are measur&dth sensors for
control are: roll angle of the robot and its roll rate, yaw raé of the robot,
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tilt angle of the pendulum and its angular rate, and speed ofhe driving mo-
tor. The following subsections describe the sensors and ithapplication for
measurement of the physical parameters of the robot.

5.2.1 Tri-axial Accelerometer

The Kionix tri-axis accelerometer KXM52-1050 is installedo measure the tilt
angle of the robot. The output response of the KXM52-1050 aglerometer
depends on the direction and magnitude of accelerations. tliere is no ac-
celeration applied along an axis, the output voltage/.;s equals half supply
voltage v with a variation of 100mv under a speci ed temperature range.
When the robot accelerates in a positive direction, the outg voltage increases
(Vo > Voff ) and it decreases\,< Vqi¢ ) When the robot accelerates in a negative
direction.

The output varies with acceleration linearly in the rate of 80mv/g according
to Equation (5.1)
Vo = Vot  660mv=g 1gsinu (5.1)

where g is acceleration due to gravity. Mounting of the tri-axis acelerometer
on the main shaft of the robot is shown in Fig. 5.2. The basicltiangles can
be computed from the accelerometer outputs. The computed gies are the
angles that thex and y accelerometer axes make with the xed reference xy
plane. The Z-axis of a Kionix tri-axis accelerometer can beombined with the
x- and/or y-axes to maintain constant sensitivity through dl tilts of 360.

The tilt angle of the robot u according to the mounting shown in Fig. 5.3 can
be obtained from Equation (5.2)

u = arctan pay— (5.2)
a+ &

where, a;, a, and a, are gravitational accelerations in x, y and z directions
respectively.
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Figure 5.2: Accelerometer mounting for tilt measurement

Figure 5.3: Tilt angle measurement

For a small tilt angle, the accelerometer output is proportinal to the roll angle
of the robot as in Equation (5.3)

u= arcsin(%) (5.3)
Hence, angular orientation is measured with accelerometergravity eld. An
experiment is performed under static acceleration (grawational acceleration)
on the prototype robot to test the performance of accelerortex for roll angle
measurement shown in Fig.5.4. The gure (5.4) indicates opnlthe average
value of a particular tilt angle corresponding to output of he accelerometer. A
typical tilt angle measurement for actual zero degree tiltagle after Itering is
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shown in Fig. 5.5.

Figure 5.4: Roll angle measurement from accelerometer

In practice, the accelerometer measures both dynamic aaetions (linear ac-
celerations of the robot and vibrations ) and gravitationalacceleration. Thus,
the calculated inclination angle from the accelerometer puite inaccurate par-
ticularly for this robot for which there exists no stable plaform during its
motion. A tilt angle measurement while the robot is acceletag is shown in
Fig. 5.6. The measured tilt angle is far from the actual tilt agle of zero degree
at high speed resulting from acceleration. This makes it changing to measure
the tilt angle using accelerometer. However, a better acary can be achieved
by combining the accelerometer and angular rate measurentenFurthermore,
the oscillation of the robot is relatively small at high spe# due to gyroscopic
stabilization. Thus, unlike high speed operation, an accate measurement of
tilt angle is necessary for low speed .

5.2.2 Gyroscopes

Gyroscopes are used to detect the angular rate of the tilt algg(roll rate) of the
main shaft and angular rate about the vertical of the robot (gw rate). They
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Figure 5.5: Measured tilt angle for actual zero degree tiltregle of the main
shaft of the robot

measure how quickly the roll and yaw angles turn by appropria mounting of
the gyroscopes on their respective axes. The Kondo KRG-3 gywhich is a
single axis angular rate measuring gyro is used for the measment of roll rate
although its sensitivity is low. Analog devices' ADSXRS30@yro is used to
measure yaw rate of the robot motion. Mounting of the two gyr® are shown
in Fig. 5.7. Some of the performance speci cations of the Kdo KRG-3 gyro
are

Supply Voltage : 3-5V
Output : Analogue 0.67mv/(deg/sec)

Angular Rate Range : 300deg/sec

The output analog voltagev, is proportional to the roll rate of the motion of the
robot along the main shaft. The sensitivity of the device ishte proportionality
constant which relates electrical output to the rate of lateal motion. However,
the o set should be added to the relationship as in (5.4)

Vo=0:67"mv  _— Vi (5.4)
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Figure 5.6: Tilt angle measurement at speed of 1.5 rps to 253p

where _is angular rate in deg/sec.

The analog voltage output of the gyros is converted to digitausing a 10-bit
A/D converter. The smallest value that can be recorded withle 10-bit A/D
converter and 5v reference voltage is 4.88v. Hence, the rddite gyro with
sensitivity of 0.67mv/deg/sec cannot detect angular ratekess than 7 deg/sec.

5.2.3 Potentiometer

The servomotor has a built-in potentiometer in its internalcircuit to measure
the angular position for the feedback control system. The sft of the servo
motor is coupled with the central tap of the potentiometer witch moves when
the servo rotates. Thus, a variable resistance and voltagegportional to the

position of the servo can be obtained. Two terminals of the pentiometer are
extended and fed to the A/D converter to compute the angular psition of the

servo with respect to the local vertical.

Moreover, the angular rate of the servo motor is calculateddm the angular
displacements using a microcontroller timer. Di erent vdiages of potentiome-
ter output are measured against the servo position for caliéition as shown in
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Figure 5.7: Mounting of the gyroscopes: yaw rate (Top left)rad Roll Rate(Top
right)

Table 5.1. The servo position 1(left) is measured as38 and servo position
13(right) is +37° from the Q° center position 7(vertical). Thus, a random of
thirteen positions in an increasing order are taken to detarine the relation-

ship between the output voltage and angular position of theesvo. The output

voltage of the potentiometer depends on the supply voltagd the potentiome-
ter. During this measurement, the supply voltage of the potgiometer and

the servo was 4.84v. In order to use the potentiometer as ancacate sensor,
the supply voltage must be kept constant throughout its opetion. For this

reason, a 5v regulator and additional battery are added to #thmain board.

5.2.4 Pulse Encoder

A pulse encoder is used to measure the speed of the DC motordzh®n the
number of pulses intercepted while the motor is running. Theptical sensor
and its peripheral circuitry provides Ov when the light is bbcked and 3.5v when
unblocked. The rotating disk has 36 evenly spaced black opsgmarks printed
on transparent plastic (Fig. 5.8) and generates thirty six plses per rotation.
The microcontroller constantly counts the pulses and increents measurement
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Table 5.1: Position of the servo and potentiometer output uage

Servo position Potentiometer voltage [v]
position 1(Left) 1.43
position 2 1.4
position 3 1.3
position 4 1.2
position 5 1.18
position 6 1.17
position 7(Vertical) 1.15
position 8 1.1
position 9 1.01
position 10 0.95
position 11 0.84
position 12 0.8
position 13(Right) 0.79

parameter every rising and falling edge of the pulse. Thug,produces a total
of 72 ticks per rotation of the motor during the rising and fding of the pulse.
The manufacturer and product name of this pulse encoder is kimown and it
is a modi ed version of the one used in the previous projects.

5.3 Stabilized Tilt Angle Measurement

Tilt measurement from the accelerometer is a static measunent where gravity
is the acceleration being measured. However, braking, alerating and turning
the robot produces acceleration. This acceleration is cadsred as noise since
only gravitational acceleration is required to measure til Thus, a tilt sensor
will provide inaccurate angle measurements when subjectéal motion.

An angular rate sensor may help to compensate for the e ect dfie tilt by
measuring rotation around the proper axis of the main shaftUnfortunately,
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Figure 5.8: Pulse Encoder for speed measurement

the rotation angle found by integrating the measured rotatin rate over time
adds up to a larger error. Moreover, the o set error of the gyr which drifts
over time produces an error in angle, which increases lingawith time.

However, better accuracy can be achieved by combining aareltion measure-
ment with angular rate measurement. The angular rate senssraccuracy over
short time periods and the accelerometer's stability ovephg time periods can
be utilized. Thus, the weaknesses of each measurement tedbgy are com-
pensated for by the other.

One of the techniques of sensor fusion is shown in Fig. 5.9. €lldli erence
between the two anglesul and u2 computed from a gyro and accelerometer
respectively, is weighted with the gain K. Thus, the dierere is the error
signal which can be used to compensate for the angle calcidats. The gain K
controls how much of the error signal must be used to correche angle from
the gyroscope. Finally, the weighted error signal is summeaealith the rotation
angle. The output of this process is the stabilized tilt ang predominantly
from the angular rate sensor information over short time st@s but corrected
by the accelerometer data over long time scales.

The value of K determines the time constant at which the anglealculation
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Figure 5.9: Stabilized tilt angle computed from gyro and a&terometer

from the gyro is stabilized by the gravity angle calculation It depends on the
time constant and frequency response of the sensors. Acdogdto Crossbovd
Inertial Systems, it is recommended to take a time constantat is longer than
the expected maneuvers in testing. The ratio of this time catant and mea-
surement rate of accelerometers and gyro provides the valoeK. Accordingly,
the value of K = 3/50= 0.06 is chosen for the measurement ratef &0Hz.

54 Crumbl128-CAN Module

The Crumb128-CAN module (Fig. 5.10) combines an Atmel AT908N128
AVR 8-bit microcontroller, a standard serial port with an R232 transceiver
and a USB2.0 device interface. It is the main on-board compert which re-
ceives commands from the control station and performs comjation of the
control algorithm, converts the analog sensor signal to digl and sends the
corrected command to the actuators. The main features of thmodule used in
this project are

128Kbytes of on-chip, non-volatile ash memory for progranstorage

Dual programmable Serial Universal Synchronous-Asynchrous Receiver
[Transmitter (USART)

2Inertial sensor manufacturing company
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8-channel 10-bit analog-to-digital converter (ADC)

Figure 5.10: Crumb128-CAN module

Thus, a built-in 10-bit A/D converter with a 5v reference votage enables to
detect a resolution of 4.89mv from each sensor output.

5.5 Communication

An IOGEAR Bluetooth Serial Adapter GBA301 is used for wireless commu-
nication with the control station. It allows the sending andreceiving data
through a wireless connection of RS232 serial equipment kit a range of 100
meters. The Serial Adapter is connected to the USART of the miocontroller

with DB9 female connector. The data transfer rate of 9600 baduis selected
and provides the best quality of transmission. The robot andontrol station

communicate with each other through a simple communicatioprotocol.
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5.6 Actuators

5.6.1 DC Motor

The torque required to drive the robot to forward and backwat is provided by
a Mabuchi RS540SH DC motor (Fig. 5.11). Some of performanqgeesi cations
of the motor are

Nominal Voltage :12v
No load speed : 17500rpm

No load current : 0.95A

Figure 5.11: Mabuchi RS540SH DC motor

5.6.2 Servo Motor

The tilting of the pendulum is accomplished with a servo motomounted along
an axis perpendicular to a shaft axis of the DC motor at the céer of the
sphere. A metal gear Futaba S5301 servo motor (Fig. 5.12) whiprovides a
torque through the arm length of the counter weight pendulums used for the
prototype robot. The main performance speci cations are
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control system: +pulse width 1500us neutral
voltage: 4.8-6v

speed: 0.29 sec at 4.8v, 0.23 sec at 6v

stall torque: 16.8kg-cm at 4.8v, 21kg-cm at 6v
Operating angle: 45° one side pulse traveling 400us

Direction: CCW/pulse traveling 1520-1900us

Figure 5.12: Futab S5301 servo motor

5.7 Motor Controller

A motor controller is used as an interface between the microctroller and
the DC Motor. The supply voltage to the DC motor is varied to caotrol the
speed and the resulting torque. Hence, the motor controlleeceives PWM
and ENABLE signal from the microcontroller. A standard mota controller
(Fig. 5.13) developed at the Automation and Systems Departemt, TKK is
used. The controller inputs are
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Figure 5.13: Motor controller

PWM: Maximum frequency of 30KHZ
Enable:To enable the control(Ov or 5v)

Direction:To set the direction of rotation (Ov or 5v)

5.8 Power Supply

The robot is powered by low self-discharge NiMH batteries @D NiMH). The
batteries have signi cantly reduced self-discharge, andehce are ready-to-use
after charging. Furthermore, they have a reduced memory ect, allowing
charging them even after slight discharging (Nagai, 2008).

Sixteen 1.2V NiMH battery cells produce a total of 19.2V. Theower is dis-
tributed to di erent devices through a switch. The main switch is supplied
with two 6 A-A battery boxes and 4.8V from one 4 A-A battery box A 7.2V
is provided to the motor controller, 4.8V to the servo motor ad the remaining
7.2V is provided to the main board containing Crumb128-CANHhrough a 5.0V
regulator.
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5.9 Major Hardware Problems Encountered

At the outset of the thesis proposal, the previous hardwarena main electronic
circuit board were assumed to be fully operational. Therefe, only a supple-
mentary electronics was expected to be added during this geat. Thus, the
main focus was to design and develop control methods to falldhe desired
trajectory with minimum possible oscillation which is a chdenging problem
to date for spherical robots. Unfortunately, the existing ardware and elec-
tronics had a number of unidenti ed problems. Hence, duringhis project
hardware problem identi cation has been performed with a nmber of exper-
imental testing procedures. The following subsections lery describe each of
these problems and their solutions associated with the servnotor and elec-
tronic circuit.

5.9.1 Servo Motor Malfunctioning

Two servo motors BlueBird BMS660MG-HS were installed to sée the ball
during the previous project. These motors were badly heatjnwhen the robot
was brought to operation. However, the heating reduced whemechanical
ttings to the body of the shaft were dismantled and reinstaled again. Then,
the ball was operated for a few minutes for demonstration pposes. Later on,
the heating problem reappeared and continued before the germotors came
to an end of an operation.

One of the servo motors was uninstalled leaving only one serfor steering.
An experiment was performed to determine how much one of thersos could
lift the counter weight pendulum(Fig. 5.14). This enableshie determination of
the torque capacity of a low torque servo to operate the steeg of the ball.

Hence, the limit angle that the pendulum can raise the load vgadetermined as
follows.

The maximum desired tilt angle of the main shaft of the robotom
horizontal was measured
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The pendulum angular position from a vertical was measurechtil it did
not lift counter weight anymore, which is the limit angle.

Figure 5.14: Experimental set up for determining tilting caacity

The servo motor was found to raise the pendulum t82° from the vertical when
the main shaft was tilted at 24° from the horizontal. This is quite enough to
steer the robot on at surfaces. Finally, a test for driving ad steering was
performed with a single servo driven pendulum. It worked weefor a number
of days until it stopped operation totally.

Further observation and troubleshooting of the servo was geired. As a result,
a broken mechanical gear was found during checking its intexls which ends
the use of these servos in the system. Hence, a new high tordiu¢aba S5301
servo motor is installed and tested with a Radio Controller RC) to ensure
that the new servo is operational. The question why the presus servo motors
failed may be raised. There may be a number of technical reaso To mention
a few, operating two servos in parallel requires synchroaizon of PWM pulses
to drive the common load to the desired position. If this notlie case, the servos
misalign and oppose each other which causes the motors towrmore current
resulting in heating. This is the most probable cause of the afunctioning of
the servos provided that they were not broken mechanicallyuding mounting.
Also, this misalignment may cause main electronic circuit aifunctioning due
to more current drawn from the shared power supply.
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5.9.2 Data Acquisition and Processing Board

The data acquisition and processing board (Fig. 5.15) is thmain circuit board
of the control system. It consists of a Crumb128-CAN, inteslce of the sensors,
signal processing and control software embedded in a micontroller. A PWM
pulse is generated from this board to control the servo and D@otor which
indirectly controls driving and steering motion of the robo.

When steering was performed with a new servo motor loaded Wi counter
weight pendulum, it oscillated uncontrollably. This might indicate that the
most probable problem could be due to insu cient power to theservo motor.
Hence, an external power was provided to the servo and a PWMyeal was sent
via a wireless link. Unfortunately, it did not work with this test. Furthermore,
the ground of the external power was connected to the ground the main
circuit board to be certain that the system was in a common gund. The
persistence of the problem led to check whether an appropeaPWM pulse
required to the new servo was generated. Using an oscillgzep the PWM
pulse was monitored and measured as 20ms which is a standaedve pulse
repetition period needed to keep the servo in the desired pi@en. Moreover,
the pulse was varying its width properly at the commanded pdson.

The ndings of the result were puzzling and not at all what wold have been
expected. Hence, all the measures taken so far were summediand plans were
made for the rest of the fault nding procedures. Accordingj it was ensured
that the new servo was operational by testing with the RC. Alg, the PWM

signal was tested with another low torque servo with an exteal load rather

than a counter weight pendulum and found to work properly.

Following these, an important experiment was performed toheck how the
PWM pulse to the servo looks like while the servo was operatjrwith counter
weight pendulum load. To do these, a PWM signal output suppdd to the
servomotor was monitored with an oscilloscope. Finally, aimteresting result
was observed in that the signal level of the PWM was much lesBan 1v when
it was measured. Thus, the PWM signal level was vanishing wheservo was
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Figure 5.15: Data acquisition and processing board

driving counter weight pendulum load.

Eventually, it was concluded that there could be either a shibcircuit or open

circuit on the main board which caused the signal level of PWNb drop when

a load was given to the servo. Hence, full attention was giveto the PCB

of the main circuit board which consists of the wiring of intdfacing sensors,
bluetooth and power lines to Crumb128-CAN. Based on the samatic dia-

gram, the circuit was checked carefully for continuity usig a multimeter. And

voltage levels of each power supply to the servo, accelerdenggyroscope and
Crumb128-CAN were measured to make sure that an appropriafmower was
being delivered. Unfortunately, these tests did not help nah in solving the
problem. Next, the printed circuit board was observed with anagnifying glass.
However, it was not easy to identify any kind of open circuit oshort circuit.

It was at this time that it was decided to write a test program which could
position the servo to six di erent positions periodically vithout user control.
Fortunately, it was working properly and it was a good clue taconclude that
the problem was with the bluetooth communication. Howeverthe fact that
the other low torque servo which worked properly when a commd signal was
sent from the PC, disproved the claim of a communication prdém.

In another nding, an improperly etched PCB ground line was dund on the
board. This ground line was easily connecting and disconttieg in an inde-



5.10 Control Software 65

terministic manner when the pendulum was in motion. It was ten replaced
with an external wire and a servo motor was tested again withdpe of a better
performance. In spite of the PWM signal level improvement wdn a servo was
loaded, the oscillation never stopped. However, it was oné ine important
achievements for the next fault ndings. From these experiees, all suspected
etched PCB lines were replaced with external overhead wigs. Although the
servo motor stopped the continuous oscillation, it starte@oing to the left and
right end slowly without control.

At that moment, the author had no idea what to do better than those exper-
iments to solve the rest of the problem. Nevertheless, all spicious wirings
and headers were systematically replaced in order to trowshoot the prob-
lem. Hence, the bluetooth serial adapter wiring and other specting signal
and power lines were desoldered and replaced with new onegtsure that the
earlier connections were correct. Consequently, a slightbetter performance
of the system was achieved through replacement of the wirisig Fortunately,

the problem was able to be solved by a proper grounding of th&auits and

rebuilding the headers of the di erent components. Finallyit was concluded
that an electrostatic discharge (ESD) as well as improper vimg caused the
system to fail. ESD is one of the most common causes of eleaimfailure, dif-

cult to identify and time consuming unless preventative masures were taken
during assembly and operation of the system.

5.10 Control Software

The operation of the robot is based on software. The software implemented
both in the microcontroller and the PC. Consequently, the aatrol algorithm,

sensor data acquisition and processing, wireless commuation via bluetooth
and PWM signal generation are implemented with an on-board icrocontroller
and partly with a PC for user interface. Some of the on-boardoftware and
user interface such as those handling motor controller, jsiick and graphics
are adapted from (Nagai, 2008) and modi ed.
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5.10.1 On-board Software

The main tasks accomplished with the on-board AT90CAN128 mriocontroller
include A/D conversion of analog sensor output, generatioaf PWM signals
to control the servo motor and DC motor, time measurement fothe pulse
encoder and other events, computation of the control algdhim, transmission
of the sensor data to the control station and reception of camands from the
control station via the bluetooth serial adapter.

Moreover, outputs of analog signals from sensors are Itataligitally. The dig-
ital equivalent of the analog RC low pass Iter recommendedybmanufacturers
of the sensors is used to lIter the noise of the sensor data. iBhlter takes less
computation time than average lter.

For the analog low pass RC lter, the outputs of the sensor andter are related
by the equation
Vi = R1Cvy + Vg (5.5)

The bandwidth of the lter is determined by the value ofR;C.

Equation (5.5) can be discretized as

Vo[n] = biVo[n 1]+ aVvi[n] (5.6)
where 1
b1 =
1+ zc
=t
1+ RaC

where, R; is series resistanceC is parallel capacitance andT is sampling
period. Therefore, the recursive low pass Iter shown in Fi§.16 is implemented
in software.

5.10.2 Control Station Software

A user interface is implemented with Visual C# for manual cotrol of the robot
and for monitoring the sensor data graphically and numeridig. The user can
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Figure 5.16: Digital low pass lter

steer and drive the robot within a region of visibility. A sinple communication
protocol of the format shown in Table. 5.2 is used to commurate between the
robot and control station.

The control station command and on-board microcontrollerensor data trans-
mission have their own protocols to receive each other's @atThe former sends
characters to signify starting of control. Similarly, a setof characters signify
stopping of the robot control. Likewise, a set of characters the start and end

of a data transmission are sent from microcontroller to theantrol station.

Table 5.2: Data Transmission protocols

Driving and Veering command packet

's' | drive command| steer command| control coe cients | mode
Start Control command packet
's' | drive command (50)| steer command (80) 'g' | '0'

Stop command packet

's' | drive command (50)| steer command (80) 'f' T

Sensor Data Transmission command packet

‘M | 'S' | acceleration| gyro | pulse encoden others | potentiometer | 'N' | 'D’




5.10 Control Software 68

Figure 5.17: Embedded software structure excluding transssion via bluetooth



Chapter 6

Simulation and Test Results

Simulation of the dynamics of the prototype robot is perforrad to test the
performance of the sliding mode controller. In the followig subsections, the
results of the simulation on the approximated linear modelrad nonlinear model
are discussed for longitudinal and lateral motions. Moreey, an experiment
is conducted on the prototype robot to verify the simulationresults of sliding
mode controller.

6.1 Lateral Motion

Roll angle stabilization based on linearized models in Eqtens (4.2) - (4.4)
and Fig. 4.5 is shown in Fig. 6.3 and Fig. 6.1 with sliding modeontroller
and without a controller respectively. The result of the simlation in Fig. 6.1
indicates that the open loop roll motion of the robot is osdétory with a period
of about 10 seconds. Although the result is based on an appimate linearized
model, the existence of the oscillation is veri ed with the imulation results of
the actual coupled nonlinear model in Equation (3.11) and Bi 4.10 as shown
in Fig. 6.2. Moreover, similar results based on the MSC Adammodel are
presented in C.
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Therefore, an active and/or passive damping of the oscillan is necessary
particularly for autonomous operation of the robot. A simuhtion result of an
active damping and stabilizing sliding mode controller

Figure 6.1: Step response of roll motion of approximated kar model without

control

Figure 6.2: Step response of roll motion of nonlinear modelttout control

based on linear approximate model is shown in Fig. 6.3. Thertooller dampens
and stabilizes the roll motion within 1 second without osdiition. Moreover,
the usual problem of chattering of the sliding mode contral does not exist
with control torque except for the rst 1.5 seconds (Fig. 6.4 Furthermore,
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Figure 6.3: Step response of roll motion with sliding mode owol

performance of the sliding mode controller is evaluated viitthe dynamic model
corrupted by band-limited normally distributed white noise with noise power
of 5 units to simulate more practical situations. Accordinly, stabilization of
lateral motion is well maintained despite a slight deviatio from the desired
position as shown in Fig. 6.5. However, the noise model of tlsystem and
environment is not studied in this work.

The simulation result based on the approximate model is mdyetheoretical

since linearized state equations cannot exactly represetfite actual dynamics
of the robot. Nevertheless, the simulation of nonlinear cgled dynamic model
provides more accurate validation for the performance of éhcontroller. Con-
sequently, simulation of the sliding mode roll controllern Fig. 6.6 based on the
nonlinear model in Equation (3.11) is provided. The contrégr stabilizes roll

motion slowly compared to that of the approximated linear mdel. However,
the oscillation is dampened within less than 5 seconds. Moxer, there exists
no chattering with control torque output except for rst few seconds. Thus,
the performance of the sliding mode controller on coupled niinear model is
close to that of the approximated model.
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Figure 6.4: Control torque of linear model

An experiment on the prototype robot is performed to verify he simulation
results. The steering angle of the robot is set to zero degsdeom the vertical so
as to travel along a straight line. The roll angle is stabilied after a few seconds
as shown in Fig. 6.8. In another experiment, the robot is stesd at constant
tilt angle of 35 degree at speed of 10 RPS. This steering rdsuin circular
trajectory without oscillation as shown in Fig. 6.9. Thus, he centrifugal force
and gyroscopic e ect on steering provides balancing force stabilize the motion
on a curved path.

The tracking of the desired heading is shown in Fig. 6.10 whiadepicts roll
angle and steering angle of the robot. However, it is not sirfgto compare
tracking accuracy based on this inaccurate measurements.ut3 it provides
su cient information that the controller can stabilize the robot at the desired
steering angle. Similar experiment is also performed to teperformance of
the controller supported with a passive damper on the rollg surface of the
robot. The later provides better roll angle stabilization vith less settling time
as shown in Fig. 6.11.
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Figure 6.5: Step response of roll angle with dynamic modelrogpted by white
noise

6.2 Longitudinal Motion

The simulation result of longitudinal motion in Fig. 6.12 irdicates that the
speed of the robot can be controlled accurately without odiition to a desired
speed. Moreover, the control torque is achieved without cttaring of the slid-
ing mode controller (Fig. 6.13). This result agrees with thgeneral fact that
the pitch motion of the robot is in direct contact with the surface during rolling
about the main shaft. Thus, an oscillation of the forward andbackward motion
is minimum. Also, the experimental result in Fig. 6.14 con ms this fact al-
though the pulse encoder for the speed measurement is inaeta. Moreover,
speed control of the robot can easily be achieved by varyinge supply voltage
of the DC motor with the PWM signal. Hence, speed control is n@n issue in
research of spherical robots.
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Figure 6.6: Step response of nonlinear model with sliding mie controller

Figure 6.7: Control torque of nonlinear model
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Figure 6.8: Experimental result of roll angle stabilizatia

Figure 6.9: Circular trajectory at constant steering
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Figure 6.10: Tracking of the desired position: white-degd lean angle and
black- actual lean angle

Figure 6.11: Experimental result of roll angle stabilizabn with support of
damper
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Figure 6.12: Step response of longitudinal motion with speéeontrol

Figure 6.13: Control torque of longitudinal motion
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Figure 6.14: Stabilizing rotational speed of the robot; wke- desired speed and
black- actual speed



Chapter 7

Summary and Conclusion

The constrained kinematics which results from rolling witbut slipping of a
spherical robot forms a nonholonomic system. Consequentiyne motion of
a spherical robot is highly coupled and nonlinear. Furtherore, it cannot
be expressed as a chained-form system. Hence, it is impdssito directly
apply both conventional control laws and nonholonomic corl algorithms to
eliminate lateral oscillation of the spherical robot. Thusan e ective controller
design to stabilize and suppress oscillations is an essahand central point of
the research into spherical robots till today.

In this thesis, dynamic model of a pendulum driven sphericabbot was devel-
oped and simpli ed with a number of assumptions in order to aurol the robot
to the position that is desired. The model was based on the ém dynamics
of the robot in three-dimension that reveals roll, yaw and pch motions which
are crucial for designing advanced controllers. Conseqtlgnan approximate
decoupled linear model which maintains controllability othe states was used
to develop robust control algorithm near operating points.

A robust sliding mode control was designed and implemented reduce side-
way oscillation of the prototype robot based on the model deloped. More
importantly, an adaptive sliding surface which selects anpdimum slope of
the sliding manifold based on the error and acceleration ohé¢ error was im-
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plemented. Based on the discussion of the previous chaptsimulation and
experimentation results indicated that the sliding mode adroller is an e ec-
tive controller for suppression of oscillation. Howeverhte structure of the robot
as well as inaccuracy of the sensors limited the performancgthe controller.
Hence, with further improvement of the inner mechanism of # robot, the
oscillation can be avoided completely with the sliding modeontroller.

7.1 Future Work

Controller design for complete suspension of oscillatiorf @ spherical robot
by itself is a research topic which requires ready-made ptatm with accurate
sensors, reliable electronics and communication. Moreovehe mechanical
structure of the robot may be modi ed for passive damping oftte oscillation
so as to reduce the control challenges. Furthermore, built- servo control
system unnecessarily complicated the control system of thebot. Hence, it is
preferable to replace it with DC motor. Thus, the sliding moé controller will
be directly provided to the DC motor without inner control loop. Also, the
sliding mode controller may be extended to hybrid fuzzy slidg mode controller
to utilize the superior bene ts of both fuzzy control and skiling mode control.
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Appendix A

Parameters of the Prototype
Robot

Parameters Values Symbols
Total mass 1795¢g M
Moment of inertia (around rotation axis) 0:00742&gm? Jo
Distance between ball center and pendulum CG  0.065m I

Table A.1: Speci cations of the pendulum

Determination of torque and speed constant:

k. = stall
t - - -
Istall lfree

\' ifree R

! free

where, ifee IS NO load free current.
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Table A.2: Speci cations of the ball

Parameters Values Symbols
Mass of right hemisphere 985¢g
Mass of left hemisphere with plastic stripe 12309
Left plastic (connecting main shaft and ball) 969
Right plastic (connecting main shaft and ball) 1069
Total mass (excluding pendulum) 32949 M,
Moment of inertia (around rotation axis) 0:063%gm? J1
Radius 0.226m r
Moment of inertia of the sphere including inner mechanism0.11457kgm? J
Friction coe cient(plastic shell/surface oor) 0.57 Ks
Driving gear(pinion) of rst stage 10 N,
Driven gear(intermediate shaft) of rst stage 42 N2
Driving gear of second stage 10 N3
Driven gear of second stage 103 N4

Table A.3: Speci cations of the DC motor

Parameters Values Symbols
Mass 158g

No load speed 17500rpm ! free
Stall torque 230mNm stall
Stall current 37A I stall
Torque constant 0.00638 Nm/A K¢
Speed constant 0.00638 Vs/rad Ke
Terminal resistance 0.324 R




Appendix B

Main Board Description
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Figure B.1: Original Main Board Layout

Main board layout has some modi cations of wiring and switces which can
be easily identi ed. Moreover, the yaw rate gyro and potentmeter wiring are
not shown here.
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Component Name| Description Location
AVRCrumb128 Main uchip
4.7uF Capacitor (electrolytic) CAP1
0.01uF(103) Capacitor (ceramic) CAP2
LED Servomotor ON/OFF indicator D2
LED Main board ON/OFF indicator D3
L7805CV 5.0V Regulator IC1
2-pin connector | 5.0V for Bluetooth Adapter P1
2-pin connector Input Power Supply 7.2V P2
2-pin connector Input Power Supply 4.8V P3
5-pin connector For Accelerometer P4
3-pin connector For Gyroscope P5
3-pin connector For Servomotorl P6
3-pin connector For Servomotor2 P7
6-pin connector For Motor Controller P8
3-pin connector For Bluetooth-Serial Adapter P10
300 Resistor (metal- Im) R2
300 Resistor (metal- Im) R3
6-leg mini-switch | 7.2V supply -> main board on/o S1
6-leg mini-switch | Servomotor on/o S2
Push-switch not in use S4
Push-switch For reset S5
6-leg mini-switch | 5V from motor controller => main board on/o | S6

Table B.1: Component location on the main board




Appendix C

ADAMS Model and Co-Simulation

Figure C.1: ADAMS and MatLab simulink co-simulation model
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Figure C.2: ADAMS model of the mechanical system

Figure C.3: Step response of lateral motion without contrdbased on ADAMS
model
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Figure C.4: Step response of roll angle with Sliding mode dom based on
ADAMS Model



