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Abstract

We postulate that multi-wheel statically-stable mobile robots for
operation in human environments are an evolutionary dead end. Robots
of this class tall enough to interact meaningfully with people must
have low centers of gravity, overly wide bases of support, and very
low accelerations to avoid tipping over. Accordingly, we are de-
veloping an inverse of this type of mobile robot that is the height,
width, and weight of a person, having a high center of gravity, that
balances dynamically on single spherical wheelUnlike balanc-
ing 2-wheel platforms which must turn before driving in some di-
rection, the single-wheel robot can move directly in any direction.
We present the overall design, actuator mechanism based on an in-
verse mouse-ball drive, control system, and initial results including
dynamic balancing, station keeping, and point-to-point motion.

1 Motivation

A significant, but frequently overlooked problem is that statically-stable
wheeled mobile robots can easily become dynamicaitable If the cen-
ter of gravity is too high, or the robot accelerates/decelerates too rapidly, or
is on a sloping surface, the machine can tip over. A robot must be tall
enough to be able to interact with people and the human environment at a
reasonable height. On the other hand, it must be skinny enough to easily
make its way around without bumping into things or getting into peoples’
way.

What is needed are robots that are safe; agile and capable of graceful
motion; slender enough to easily maneuver in cluttered, peopled environ-
ments; and which readily yield when pushed around. It is surmised that



intelligent machines of this sort can only be achieved withamic stabil-
ity. This idea follows the model of humans and other animals which are
intrinsically dynamically stable.

2 Background

A two-wheeled robot with inverse pendulum control developed in Japan
was demonstrated in 1994 [1]. The two-wheeled design eliminated the need
for a third castoring wheel. The same group introduced a one-wheel balanc-
ing robot [2]. The wheel is a prolate ellipsoid like a rugby ball and is driven
with an axle along the major axis. The body of the robot has a hinge above
and perpendicular to this axis. The robot balances in the forward/backward
directions by application of wheel torque in the manner of the two-wheeled
design, and balances from side to side by leaning the body left or right at the
actuated hinge. Recently, balancing wheel chiarsd balancing 2-wheel
“Segway personal mobility devicelshave been introduced. The 2-wheel
RMP robotic platforms [3] based on the Segway are the subject of much
recent development in robotic locomotion.

The previous work on dynamically-stable rolling machines provides in-
spiration for our current research, yet is distinctly different. For example,
there is no previous work proposing a balancing rolling machine whose
body is supported by a single omni-directional spherical wheel. The pre-
vious rolling/balancing machines cannot immediately drive in a given di-
rection without first re-orienting the drive mechanism. For example, a two-
wheel balancing machine such as the Segway RMP cannot maneuver in
tight spaces by moving sideways; a robot based on such a machine could not
open and close a door without knowing the precise location of the hinges
in order to establish the correct turning radius. The rugby-ball robot cannot
turn in place, but can only turn in a wide arc.

3 System Description

Ballbot, shown in Fig. 1, is a reconfigurable research platform developed
and constructed to validate the notion of a dynamically stable robot resting
atop a single, spherical drive wheel. It was designed to meet two goals:
approximate the dimensions of a human being, and create a platform that
is easily reconfigured for various present and future research efforts. The
body is a cylinder 1.5 m tall, with a diameter of 400 mm and a weight of

45 kg. Three aluminum channels, held together by circular decks, define
the structure of Ballbot’s body. Three retractable landing legs are attached

*Independence Technolodytp://www.indetech.com
tSegway human transportéttp://www.segway.com.
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Figure 1: Ballbot design and realization:) fwith three legs deployedb)
with legs retracted into body;) balancing and station keeping.

to the lower third of the channels, which when deployed allow Ballbot to
remain standing after being powered down. Active components, such as
computing, power, and sensing, are mounted on the decks, allowing these
elements to be placed at varying fiass along Ballbot's axis. Figuresdy

and ¢) show the design and Fig.d(shows its present configuration suc-
cessfully balancing and station keeping.

Ballbot is designed to be entirely self-contained; power is supplied by a
48V lead acid battery with operating time of several hours, and computing
is performed onboard by a 200 MHz Pentium processor. Communication
with Ballbot is through an 802.11b wireless link. A Crossbow Technology
VG700CA-200 Inertial Measuring Unit (IMU) emulating a vertical gyro
provides Kalman-filtered pitch and roll angles and rates with respect to
gravity. The drive motors are connected to Copley Model 412 PWM am-
plifiers, with 1024 cpr encoders feeding motor shaft position back to the
computer. Additionally, 1024 cpr encoders are placed on the passive rollers
to measure ball rotation. The IMU and encoders provide all data required
for full-state feedback control.

The drive mechanism, shown in Fig. 2, is essentially the inverse of a
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Figure 2: Ballbot inverse mouseball drive mechanism

mouse ball drive: instead of the mouse ball driving the mouse rollers to
provide computer input, rollers drive the ball to produce motion. The ball
is a 200 mm diameter hydroformed steel shell covered with a 3.2 mm thick
urethane outer layer. We have fabricated balls with urethane formulations
of several different durometers. The ball is actuated by a pair of 12.7 mm
diameter smooth stainless steel rollers placed orthogonally at the sphere’s
equator. These rollers are linked through timing belts to two high torque DC
servomotors. Opposite the drive rollers are two spring-loaded passive idler
rollers that apply force at the ball’s equator to maintain contact between the
drive rollers and the ball. This arrangement represents a compromise since
some slippage is always present. For example, if one roller is being driven,
the orthogonal roller must be slipping. This simultaneously demands both
a high-friction and low-friction material for the ball. On the other hand,

it is always desirable to have high friction between the ball and the floor.
The drive works well but a fair amount of ball wear has been experienced,
and we are at present still seeking a satisfactory compromise solution. The
entire drive mechanism is attached to the body with a large diameter thrust
bearing, allowing a third actuator (currently not installed) to re-orient the
body in yaw. Finally, the entire Ballbot body rests on top of the ball on
three commercial low friction, omni-directional ball transfer devices.

4 Simplified Ballbot Model

For the purposes of developing a stabilizing controller, we introduce and
derive equations of motion for a simplified model of Ballbot. In this model,
the Ballbot ball wheel is a rigid sphere, the body is rigid, and the control
inputs are torques applied between the ball and the body. There is no slip
between the wheel and the floor. Friction between the wheel and the floor
and between the wheel and the body is modeled as viscous damping. Fur-



Figure 3: Planar simplified Ballbot model used for controller design.

ther, we assume that the motion in the median sagital plane and median
coronal plane is decoupled and that the equations of motion in these two
planes are identical. As a result, we can design a controller for the full
3D system by designing independent controllers for the two separate and
identical planar systems.

Figure 3 is a diagram depicting the planar model. The Lagrangian for-
mulation is used to derive the nonlinear equations of motion for the simpli-
fied model (seee.qg, [4]). The first step is to compute the kinetic energy
K, of the ball:

1,02 my(ry0)?
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where I,, my, andr; are, respectively, the moment of inertia, mass, and

radius of the ball. The potential energy of the ballis= 0. The kinetic
energyK g and potential energy/s of the body are

Ky, =

Kg = % (rZéQ + 2rb£(92 + 0(/5) cos(f+ ¢) + €2(9 + ¢)2) + %3(0 + @27

Ve = mpglcos(¢+6),

wherelp is the moment of inertia of the body about the center of the ball,
(is the distance between the center of the ball and the center of mass of the
body,mp is the mass of the body, ands the acceleration due to gravity.
The total kinetic energy i& = K, + K and the total potential energy is
V=V,+Vg.

Define the system configuration vecipe= [# ¢#]7. The LagrangiarC
is a function ofg and¢ and is defined to b&(q, ¢) = K — V.

Let 7 be the the component of the torque applied between the ball and
the body in the direction normal to the plane. To model the viscous friction
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terms, define the vector

0
o= [
@) )
where ny and ., are the viscous damping coefficients that model ball-
ground and ball-body friction, respectively. Using this notation, the Euler-
Lagrange equations of motion for the simplified Ballbot model are

doL oL m _ D(g).

After computing the derivatives in the Euler-Lagrange equations and rear-
ranging terms, the equations of motion can be expressed as

dt oG dq

M(@)i+ Cla,d) +Gla) + DiG) = [0] | 1)

T

The mass matrid/(q) is

M{q) = I'y + 2mprylcos(0+ ¢) 'y + mprylcos(d + qﬁ)] 7

T | Ty +mprplcos(6 + ¢) Is
where

Iy = I, + I + myri + mpry + mpl?,

I'; = mez + Ip.
The vector of Coriolis and centrifugal forces is

Clgq,q) = [—mBrbﬁsin(%+ 6) (0 + qﬁ)z]

and the vector of gravitational forces is

_|—-mpglsin(8 + ¢)
Glg) = [—migﬂsin(@—l-(b)] '

To put these equations into standard nonlinear state space form, define
the state vector to be = [¢7 ¢7]7 and define the input = 7. This
together with Eq. 1 yields
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Figure 4: Structure of stabilizing linear feedback controller.

5 Stabilizing Feedback Controller

The linear controller used to stabilize Ballbot has two loops: an inner loop
that feeds ball velocity back into a Pl controller, and an outer loop linear
guadratic regulator (LQR) that uses full state feedback. This architecture is
shown in Fig. 4. The proportional gain and integral gaitk; in the Pl con-
troller are chosen and experimentally tuned so that the actual ball velocity
f tracks the desired ball velocity;. The integral term adds an extra state
to the system. Define the augmented state vegtor [27  25]7. The
closed loop equations of motion of the inner loop can then be written as

i [f (x,kp(wd — 0) + k(w5 — 0))] 2 o (2aswa)-

W

The outer loop is designed by linearizing the inner loop equations of motion
and applying LQR. Note that the simplified Ballbot system is at equilibrium
wheneverin(6 + ¢) = 0 and¢ = 6 = 0. The objective is to design a
controller that will balance Ballbot with the body straight up and hold it in
a fixed positiord = 0, which is equivalent to stabilizing the equilibrium
point atz, = 0. We begin by linearizing the equations of motion about this
point:

D fa dfa
T, = T, + wy-
8$a zq=0,wg=0 8Wd zq=0,wg=0
A B
Working out the partial derivatives yields
0 0 1 0 0
0 0 0 1 0
A= -mpgl  —mpgl pe 0 0],
* |=mBgl—ki —mpgl —k, py ki

0 0 0 0 0



whereM., is simply the mass matriX/ (¢) evaluated a# = ¢ = 0.
Now LQR can be used to find a linear state feedback controller that
stabilizes the system abotit = 0 and minimizes the cost function

J = /(xa(t)TQxa(t) + Ruwg(t)?)dt.

We choose the structure ¢fto be

Yw+vB VB 0 0 0
Vb VB 0 0 0
Q= 0 0 %+vs 75 0,
0 0 Vg v O
0 0 0 0 s

wherey,, vB, 7}, 73, @andys can be loosely thought of as controlling the rel-
ative convergence rates of the ball angle, body angle, ball angular velocity,
body angular velocity, ands, respectively. In practice, these parameters
were hand tuned based on simulation results. For a given choigeaofi

R, Matlab’s LQR command can be used to compute the associated gain
matrix K, which defines the stabilizing feedback control layw= — Kz, .

When implementing the controller on the actual robot, we were forced
to deviate slightly from the controller presented above. We found that there
is a practical limit on the magnitude of the gdinthat multipliesep. Ex-
ceeding this limitinduces an aflation not present in the simplified Ballbot
model. We hypothesize that this oscillation is due to flexibility in the body
frame and the mechanics of the soft urethane layer that couples the drive
roller to the ball. The< matrix generated by the LQR algorithm giveka
that exceeds the practical limit, so we manually adjusietd an allowable
level. Unfortunately, with this limit ort, it is not possible to directly sta-
bilize Ballbot, which explains the need for the inner Pl loop. Also, the gain
ks turns out to be negligible, so it is set to zero in the experiments.

6 Initial Results
A number of tests were conducted to characterize physical system perfor-

mance, and to make comparisons with simulation. During operation on a
hard tiled floor, it was found that the machine was able to balance robustly,
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strongly resisting attempts to tip it over when a person applied torques to

the body. However, it was not able to simultaneously balance and station

keep. When operated on a carpeted surface, Ballbot was able to do both,
presumably due to the extra damping afforded by the carpet material.

In the test run shown in Fig. 5, Ballbot was commanded to move from
a starting position in a straight line to a goal position. There is an initial
retrograde ball motion causing the body to lean toward the goal position,
followed by a reverse motion to stop at the goal. As mentioned in the pre-
vious section, differences between simulation and experiment might derive
from unknown frictional and spring forces. The divergence when station
keeping is at most about 40 mm in position, and OrBtilt.

To see the typical motion jitter experienced during operation, one may
plot the paths taken as the ball moves around on the carpeted floor. Fig-
ure 6¢) shows data taken from a 99 s run where Ballbot was released
slightly out of balance, which was rapidly corrected by ball motion, fol-
lowed by station keeping within a roughly circular region of about 40 mm
diameter. Figure 6] shows Ballbot’s attempt to track a square trajectory.

7 Discussion

Our results are preliminary and there is much that remains to refine Ball-
bot's model and control. Nevertheless, it would appear that Ballbot and
its progeny might well represent the vanguard of a new type of wheeled
mobile robot capable of agile, omni-directional motion. Such robots, com-
bined with the research community’s ongoing work in perception, naviga-
tion, and cognition, could yield truly capable intelligent mobile robots for

use in physical contact with people. If realizable and economically viable,
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Figure 6: Plots of the ball path during)(balancing and station keeping,
and ¢) attempting to move in a square.

they might well function as aids to elderly or disabled persons; provide
guidance and assistance in public spaces; help with education and enter-
tainment; perform domestic cleaning and housekeeping; or fetch and carry
everyday objects. The more immediate goal of our research is simply to
gain a deeper understanding of how such dynamic agility can be achieved
in mobile machines interacting with people and operating in normal home
and workplace environments.
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