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BALL-BALANCING ROBOT AND DRIVE ASSEMBLY THEREFOR

RELATED APPLICATIONS
This application claims the benefit of the priority of U.S. Provisional Application
No. 62/113,950, filed February 9, 2015, which is incorporated herein by reference in its

entirety.

FIELD OF THE INVENTION
The present invention relates to a mobile robot and more particularly to a

dynamically-stable, ball-balancing robot.

BACKGROUND

Mobile robots can be broadly categorized as statically stable, e.g., stable when un-
powered, and dynamically stable, e.g., stable only when powered. Statically stable robots
generally have at least three wheels. A significant but frequently overlooked problem is
that statically stable wheeled mobile robots can easily become unstable. If the center of
gravity is too high, or the robot accelerates/decelerates too rapidly, or is on a sloping
surface, or is pushed too hard, the robot can tip over. Thus, statically stable wheeled
robots tend to have low centers of gravity and large bases. However, short, wheeled
robots having large bases do not interact well with humans and have trouble maneuvering
in environments that are crowded or cluttered.

A ball-balancing robot, or BBR, also known as a “ballbot”, is a dynamically-
stable mobile robot designed to balance on a single spherical wheel (i.e., a ball). Through
its single contact point with the ground, a ballbot is omnidirectional and thus
exceptionally agile, maneuverable and organic in motion compared to other ground
vehicles. Its dynamic stability enables improved navigability in narrow, crowded and
dynamic environments. The BBR works on the same principle as that of an inverted
pendulum. It forms an underactuated system, in which there are more degrees of freedom
(DOF) than there are independent control inputs. The ball is directly controlled using
actuators, whereas the body has no direct control. The body is kept upright about its

unstable equilibrium point by controlling the ball, much like the control of an inverted
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pendulum. This leads to limited but perpetual position displacements of the BBR. The
counter-intuitive aspect of the BBR motion is that in order to move forward, the body has
to lean forward and in order to lean forward, the ball must roll backwards. All these
characteristics make planning to achieve desired motions for the ballbot a challenging
task. In order to achieve a forward straight line motion, the ballbot has to lean forward to
accelerate and lean backward to decelerate. Further, the ballbot must lean into curves in
order to compensate for centripetal forces, which results in elegant and graceful motions.

BBRs exhibit rich 3D dynamics and are capable of fluid and graceful motion.
Early research on BBRs appeared around 2006. The first successful ballbot was
developed by Hollis and co-workers at Carnegie Mellon University (CMU), and is
described in U.S. Patent 7,847,504, which is incorporated herein by reference. This robot
is also described by T.B. Lauwers, et al. in “A Dynamically Stable Single-Wheeled
Mobile Robot with Inverse Mouse-Ball Drive”, Proc. of the 2006 IEEE Int’l Conf. on
Robotics and Automation, Orlando, FL, May 2006, pp. 2884-2889. The described robot
applies two roller bars to drive the ball in any direction but does not accommodate the
ability to spin in place as the rollers used in the prior art act in interference of one
another.

The omniwheel drive mechanism described by Wu et al. in U.S. Patent 8,485,938,
the disclosure of which is incorporated herein by reference, utilizes sets of guide rollers
on axles that are arranged perpendicular to each other, i.e., 90° apart, so that the guide
rollers contact the surface of the spherical wheel oriented to effectively define a cross
pattern on the wheel that intersects a line corresponding to the wheel’s north pole. The
vertical positioning of the guide rollers limits the ability to spin in place.

Other ballbots have been described in the literature, including one developed by
M. Kumagai and T. Ochiai, “Development of a Robot Balancing on a Ball”, Int’l Conf.
on Control, Automation and Systems 2008, Oct. 14-17, 2008, Seoul, Korea, pp. 433-438.
This robot uses a single angle in engaging the ball while maintaining the drive motors
vertically. This arrangement limits the mobility of the robot, and makes it difficult to spin
in place. (The disclosures of both identified publications are incorporated herein by

reference.)
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To date, most BBR research has focused on human-scale designs, ball-balancing
transportation vehicles, and knee-high to waist-high designs. A smaller scale robot, such
as would be useful for entertainment, i.e., toys, service, education and research, is
referred to as a “micro ball-balancing robot”, or “MBBR”, pronounced “Ember.”

There are significant challenges and limitations to contend with when attempting
to miniaturize a BBR. Tolerances become more stringent and cross-sectional areas
decrease, lowering the yield strength of mechanical components. Scaling down the
characteristic length scale (/) of a given design generally reduces the volume and mass of
the design by I’; on a BBR, this significantly reduces the normal force between the
omniwheels and the ball, creating problems with slip. Simultaneously, the time scale of
the non-minimum-phase inverted-pendulum dynamics of a BBR is \/E , so as [ is
reduced, the time scale decreases, and the actuators must respond more quickly, further
exacerbating the slip problem. In extreme cases, the drive wheels may even lose contact
with the ball completely for short periods of time.

Earlier work on BBRs fall into two main categories: those driven by an inverse
mouseball mechanism, and those driven by three omniwheels. In principle, neither
category presents obvious barriers to miniaturization. The inverse mouseball mechanism
relies on two perpendicular rollers that roll along the equator of the ball. A small, low-
friction bearing is used at the top of the ball to support the weight of the upper body.
Spring-loaded idler wheels at opposite points along the equator press the rollers against
the ball to create enough friction to eliminate slip between the rollers and the ball. This
allows the rollers to actuate the ball in the two horizontal directions independently.

There are two key problems with MBBRs driven by an inverse mouseball
mechanism. The first was contamination. During testing, dirt and rubber particles can
build up on the support bearing, idler wheels, and drive rollers. This increases friction and
degrades performance to the point of failure. For large BBRs, the torques and forces
involved are greater in magnitude, and tolerances are relaxed, so a thin layer of dirt has
little effect on performance. However, for an MBBR, dirt buildup on the rotating
components can be a critical point of failure.

A second problem encountered was the ball being pushed out of the socket during

maneuvers. The rollers transmit torque to the ball by applying a friction force along the
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ball’s equator. Depending on the direction of rotation, this force tends either to push the
ball further into the socket, or to pull the ball away from the socket. The only force
preventing the ball from leaving the socket is the weight of the robot itself. Since MBBRs
have reduced mass, their weight is generally insufficient to keep the ball in the socket.
Even if the ball does not leave the socket, the design suffers from asymmetric friction.
As the roller actuates the ball in one direction, the ball is forced into the socket,
increasing both the normal force and the friction at the top support bearing. When
actuating the ball in the opposite direction, the friction at the top support bearing is
reduced. Additionally, the inverse mouseball mechanism does not control the yaw of the
robot about its vertical axis, so additional actuators would be needed to make the robot
face in a desired direction. Given its significant problems, an inverse mouseball

mechanism cannot be considered a viable choice for an MBBR.

SUMMARY OF THE INVENTION

In an exemplary embodiment, a standard ball balancer using three omniwheels
provides improved mobility by using three wheels, separating the wheels by 120° degrees
around the north pole of the ball, using a wheel contact point at 45° from the north pole,
and positioning the wheels perpendicular to the ball. In one embodiment, the ball-
balancing robot (BBR) uses three uniquely placed motor driven wheels to drive the ball
as well as allow the robot to spin in place over the ball or spin in combination with
movement in any direction. The combination of motion within the X-Y plane and
spinning gives the robot the ability to glide across the floor or other surface.

In one aspect of the invention, a dynamic balancing robot includes a ball having a
ball surface and a reference axis corresponding to a north pole; a body portion disposed
above the ball; three wheels disposed uniformly around the reference axis perpendicular
to the ball surface, each wheel having an axle disposed at an angle relative to the
reference axis; three motors mounted on the body portion, one motor configured for
rotating each wheel; and a power supply for supplying power to said motors.

According to some embodiments of the invention, a BBR employs mid-latitude
placement of the omniwheels, near the equator of the spherical ball. In some

embodiments, the omniwheels are configured in a mutually-orthogonal orientation. The



10

15

20

25

30

WO 2016/130565 PCT/US2016/017175

omniwheels may be mounted in a support frame in a single or double row arrangement.
An ideal omniwheel assembly has the following features: zero friction in the direction of
its axis, which is achieved using rollers around its circumference; zero friction resisting
yaw about the contact patch; and zero slip (infinite stiction) in its direction of rotation.

In one aspect of the invention, a ball-balancing drive assembly includes a ball
having a ball surface and a reference axis extending through a centroid of the ball; three
omniwheel assemblies, each omniwheel assembly comprising a motor having a motor
axle and an omniwheel configured to rotate around the motor axle; and a chassis
configured for supporting the three omniwheel assemblies at radially symmetric spacings
with the motor axles oriented at an angle relative to the reference axis and the
omniwheels oriented in mutually-orthogonal planes, wherein each omniwheel frictionally
contacts the ball surface to convert rotational motion of the motor axle to torque on the
ball. In a preferred embodiment, the ball surface has an equator corresponding to a plane
perpendicular to the reference axis that bisects the ball, wherein the omniwheels
frictionally contact the ball surface within a mid-latitude range near the equator. In a
particularly preferred embodiment, the mid-latitude range is 20° N to 30° N of the
equator. The angle relative to the reference axis may be within a range of 45° to 80°, and
is more preferably within a range of 60° to 70°. In some embodiments, the omniwheels
are oriented mutually-orthogonally within a range of 35° to 55°, and more preferably
within a range of 48° to 52°. The omniwheels may be single row omniwheels or double
row omniwheels.

The ball-balancing drive assembly may further include a frame extending from the
chassis for supporting a power supply. A controller may be provided for selectively and
independently activating each omniwheel assembly.

In another aspect of the invention, a ball-balancing robot includes a ball having a
ball surface and a reference axis extending through a centroid of the ball; three
omniwheel assemblies, each omniwheel assembly comprising a motor having a motor
axle and an omniwheel configured to rotate around the motor axle; a chassis configured
for supporting the three omniwheel assemblies at 120° spacings with the motor axles
oriented at an angle « relative to the reference axis and the omniwheels rotated at an

angle B to define mutually-orthogonal planes, wherein each omniwheel frictionally
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contacts the ball surface to convert rotational motion of the motor axle to torque on the
ball; a frame extending upward from the chassis; a control assembly disposed on the
frame, the control assembly comprising an electronic controller for selectively and
independently activating the omniwheele assemblies; and a power supply for powering
the motors and the control assembly. The ball surface has an equator corresponding to a
plane perpendicular to the reference axis that bisects the ball, where the omniwheels
frictionally contact the ball surface within a mid-latitude range near the equator. In some
embodiments, the mid-latitude range is 20° N to 30° N of the equator. The angle o may
be within a range of 45° to 80°, and is more preferably within a range of 60° to 70°.

The angle # may be within a range of 35° to 55°, more preferably within a range
of 48° to 52°. In particularly preferred embodiment, the angle « and the angle f are
selected as an angle pair. The omniwheels may be single row omniwheels or double row
omniwheels. The ball-balancing robot may further include an outer skin configured for

enclosing at least of portion of the frame, control assembly and power supply.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. 1A and 1B are diagrammatic perspective and top view, respectively, of an
embodiment of the inventive omniball robot.

FIGs. 1C-1E diagrammatically illustrate a selection process for orientation of the
omniwheels according to an embodiment of the invention.

FIGs. FIGs. 2A and 2B illustrate an exemplary perpendicular wheel setup with
reference lines indicating relative angles.

FIG. 3 is a diagrammatic perspective view of a first embodiment of an omniwheel
robot.

FIGs. 4A and 4B illustrate exemplary single and double row omniwheel
arrangements, respectively.

FIG. S illustrates omniwheel and ball contact interaction for an exemplary double
row embodiment.

FIGs. 6A and 6B illustrate omniwheel placement and orientation showing angle
from the north pole and angle of twist, respectively.

FIG. 7 illustrates generalized coordinates of an embodiment of a MBBR.
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FIG. 8 is a block diagram of an embodiment of a SLC controller.

FIG. 9 is a perspective view of an MBBR according to an embodiment of the
invention.

FIG. 10 is a front view of an exemplary toy robot based on embodiment of the
invention.

FIGs. 11A-11C are plots of the upper body tilt angle (upper) and variation in ball
rotation angle (lower) for single row orthogonal omniwheel angle a = 70°, double row
orthogonal omniwheel angle o = 70°, and single row conventional omniwheel angle o =

45°, respectively.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

Existing ball balancers do not have orthogonal wheel axes. By using orthogonal
wheel axes and the omniwheels, it is possible to drive the wheels independently from
each other. This means that the wheels are decoupled from each other and the ball can be
driven in any direction with minimum interference in between the wheels. The wheels are
swiveled such a way that they still maintain the constraints above and the three wheel
axes are orthogonal.

The omniwheels can drive the ball in one direction and let any ball rotation
perpendicular to this direction pass through with minimum friction because of the side
rollers attached at the circumference of the wheel. So, perpendicular wheel axes has the
advantage of having decoupled wheel motion, as in one wheel will not interfere with the
other wheel.

FIGs. 1A-1E diagrammatically illustrate how to orient the omniwheels so that
they are perpendicular. FIGs. 1A and 1B illustrate an isometric and top view,
respectively, of the basic elements of the drive assembly 10, which includes spherical
wheel 2, and three omniwheel assemblies 8. In each omniwheel assembly 8, the
rotational axes 22 of motors 20 are oriented at an angle a of about 70° from the reference
axis 50, which will be referred to herein as the “north pole”, or “NP”. The omniwheel
assemblies 8 are retained in position by a frame or chassis, which is only shown in the
later figures. As shown in FIG. 1B, the omniwheel assemblies 8 are symmetrically

positioned 120° apart from each other with the respective wheels 24 in contact with the
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outer surface of spherical wheel 2 at the same “latitude” 52. For purposes of this
description, “latitude” is used according to its common meaning, i.e., the angular distance
of a position on the surface of the sphere relative to (north or south) of the equator. The
equator 40 , shown in FIGs. 1A and 1C, is defined as a circle on the surface of the sphere
that corresponds to a plane that is perpendicular to the reference axis 50 that divides the
sphere into halves, i.e., extending through the sphere’s centroid 44.

To facilitate understanding of the novel positioning of the omniwheel assemblies,
the following reference lines will be defined. For simplicity, the reference lines are
provided only with respect to a single omniwheel assembly. It will be readily apparent
that the same relationships would be used for each assembly.

As shown in FIG. 1C, line 30 runs between point 42, i.e., the lowest extent of axis
22 in each omniwheel assembly 8, and the north pole 50. Line 32 extends between point
42 (within wheel 24) and the centroid 44 of spherical ball 2. Line 34 corresponds to the
axis 22 of each omniwheel assembly, extending from point 42 within wheel 24. At its
initial position of # = 0, in which the omniwheels are not mutually orthogonal, line 34 is
coincident with line 30.

Starting with the orientation shown in FIG. 1C, the omniwheel assembly 8 is
twisted or rotated around line 32, as shown in FIG. 1D, so that line 30 and line 34 are
separated by angle f, which in this example is 52.082°.  While FIG. 1D illustrates this
configuration as a perspective view, FIG. 1E shows the same rotation viewed looking
directly at the omniwheel assembly 8.

FIGs. 2A and 2B illustrate the perpendicular wheels setup, again with reference
lines 30, 32 and 34 shown only with respect to one of the illustrated omniwheel
assemblies 8. The motor rotates around line 34. The angle a refers to the motor axle

angle from the north pole (NP) 50; the angle f refers to the amount of omniwheel twist:

Angle from NP (a) p
60 48.189
65 50.429
70 52.082

Table 1
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The ball can be driven in any direction using the superposition of the three wheel
rotations. Since the wheels are decoupled, the superposition process is easy because the
wheels do not interact with each other, resulting in less noise or disturbance in the
system.

Also, by lowering the omniwheels to 70 degrees from the north pole, we increase
the normal force on the omniwheels, reducing the change of ball/wheel slip. The equation

for the normal force of the omniwheel is:

N=_mg
3cos b, (D)

where m is mass, g is acceleration due to gravity, and 8 is the angle of the wheel relative
to the reference axis, i.e., the north pole.

Thus, by choosing to position the omniwheels at 70° instead of 20° to 45° of
previous BBR designs, we can double the normal force on the omniwheels. This low
position 1s critical for lightweight and small BBR in order to prevent the ball from
popping out of the socket and prevent the wheels from slipping.

FIG. 3 illustrates an exemplary embodiment of the inventive BBR. In this
configuration, the BBR is driven by using three identical omniwheel assemblies 108
mounted on a support frame 132, each assembly including a wheel 124, a motor 120 and
an axle 122 (also the rotational axis). Briefly, operation of the robot uses the same
principles as the prior art ballbots: each wheel 124 rotates around a motor-drive axle.
Friction between the wheel’s edge and ball 102 impart torque on the ball, causing the ball
to rotate, propelling the robot. The difference is that the ballbots reported in the prior art
do not use a perpendicular axes approach as described above and used herein. The
improved perpendicular wheel axes configuration provides significant advantages over
existing designs. The improvement lies in the positioning of the wheels so that the axle is
at an angle relative to the north pole of the ball and the plane of rotation of the wheels is
perpendicular to the ball. The inventive approach can be achieved by calculating the
angle needed to achieve the perpendicular axes while also having 120 degree wheel
separation, 45 degree angle from north pole and wheels perpendicular to the ball.

FIG. 4A and 4B illustrate two possible omniwheel designs for use in a BBR

according to an embodiment of the invention. FIG. 4A provides plan and side views of a
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conventional single row (“SROW) omniwheel 402, while FIG. 4B shows plan and side
views of a conventional double row (DROW”) omniwheel 502. For purposes of
constructing a prototype MBBR, omniwheels were custom-fabricated.  Due to
manufacturing tolerances and material strength limitations, the smallest omniwheels that
could be fabricated were 2.5 cm in diameter.

The SROW design 402 included twelve rollers lying in the same plane. The
rollers alternate between large and small, allowing the smaller rollers to nest within the
larger rollers to form a nearly circular profile. In practice, SROWs allowed for very
smooth actuation of the ball due to the absence of gaps between rollers and the single
contact point on the ball. A few drawbacks were also encountered: first, the design
complexity is high, with thirty-seven parts per wheel, which increases the manufacturing
cost significantly. Additionally, to achieve the desired scale, parts of the hub had to be
made as thin as 1mm, making them prone to mechanical failure.

The DROW design (FIG. 4B) included twelve equally-sized rollers arranged in
two parallel planes, which greatly simplified the construction. Although the part count is
still relatively high, the individual pieces were larger and more robust. The drawback of
the DROW design lies in the differences in the engagement of the two different rows on
the curved surface of the ball. On flat surfaces, a DROW behaves much like a SROW.
However, in MBBRs, as the ratio between the ball diameter and the distance between the
two rows of rollers becomes smaller, the omniwheels induce a characteristic “wobble”
into the dynamics, as demonstrated below.

As illustrated in FIG. §, as the DROW 502 rotates, the normal force f» generated
by the DROW on the ball 500 creates (via stiction (static friction)) a torque on the ball,

Ta, in a direction perpendicular to both f» and the azimuthal direction of the omniwheel.
As the omniwheel continues to rotate, the second roller contacts the ball, resulting in a
normal force f» and concomitant torque on the ball, 7. It is thus seen that the torque that
the DROW 3502 generates on the ball switches back and forth between 7, and 7». This

switching induces a periodic disturbance that leads to an undesirable “wobble”.
The angle between the two axes of rotation in the DROW is given by
sin{y) = w/{2ry)

, 2)
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where 7 is the angle between the contact points 510, 512 on the ball 500 of the rows of

rollers 504, 506 and 7} is the radius of ball (sphere) 500. As the ratio between the radius

of the ball and the distance between the two rows of rollers 504, 506 in the DROW
increases, wobble diminishes, as verified in the discussion below. In practice, we found
both the SROW and DROW designs viable for miniaturization, though neither was
perfect.

Following the work of others, the omniwheel-driven MBBR prototypes placed the
omniwheels between o = 30° and a = 45°, as shown in FIG. 6A, and took f = 0°, as
shown in FIG. 6B. With the omniwheels in such a position, we found that slippage
between the DROW and the ball was significant. To mitigate this problem, the friction
between the wheel and the ball must be increased. There are two ways to accomplish
this: increase the coefficient of friction between the ball and rollers, or increase the
normal force between the omniwheels and the ball. Since there are limited options in
materials, and it is undesirable to increase normal force by adding mass to the main body,
we sought other solutions to this problem. We found that placing omniwheels closer to
the equator 40 of the ball (that is, in the “mid-latitudes” between around 10° to 40° N of
the equator), could greatly increase the normal force between the ball and omniwheels.
Optimal results were obtained from about 20° to 30° N latitude. The normal force,

provided above in Equation (1), is:

N = mg/3cos{a)]

The normal force monotonically increases as a increases from near 0° to near 90°. Thus,
by moving the omniwheels from a = 45° to 70°, we can double the normal force between
the omniwheels and without adding any mass. This simple geometric change significantly
mitigated the omniwheel slippage issues. Note that if o becomes too large, the amplified
normal forces increase friction in the drivetrain, and degrades performance.

We built several prototypes, with a = {45°, 60°, 70°, 80°}, and found that, for our
design, « in a range of 60° to 70° provided good results. The lower placement of the
omniwheels also effectively solved the problem of the omniwheels losing contact with
the ball during quick maneuvers. Lowering the omniwheels result in larger normal

forces, which allows the omniwheels to grip the ball better, and the contact points upon
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which the upper body rests are spaced farther apart, requiring a larger moment to tip the
upper body off the ball.

Problems can arise when lowering the omniwheel placement if the orientation of
the omniwheels is left in the conventional, non-mutually orthogonal orientation with f =
0. The magnitude of the component of the torque that contributes to the yaw of the ball
about the vertical axis scales with sin(a). Conversely, the magnitude of the components
of torque that contribute to translational movement of the ball scales with cos(a). Thus, as
o approaches 90°, the actuator input corresponding to balancing the vehicle approaches 0,
and balancing becomes impossible. A natural solution to this problem is achieved by
varying f, as discussed below.

We now consider the issue of the omniwheel orientation . One possible solution
is to mount the omniwheels in mutually-orthogonal planes, which increases the overall
efficiency of the power transfer and, as discussed above, is desirable when used in
conjunction with mid-latitude omniwheel placement.

Traditionally, omniwheels are spaced evenly apart, with 120° separation, and
oriented in a radially-symmetric fashion about the z-axis, with f = 0°. By aligning the
three omniwheels in mutually-orthogonal planes, we effectively decouple their effects.

If the omniwheels are not in mutually orthogonal planes, actuating one omniwheel
while holding the other two fixed results in both rolling of the ball about an axis 7 parallel
to that of the actuated omniwheel, and rolling about the other two axes, which gives no
slip in the direction of rotation of the other two omniwheels. This is achieved by spinning
the rollers of all three omniwheels, including the actuated omniwheel.

If, on the other hand, the omniwheels are in mutually orthogonal planes, actuating
one while holding the other two fixed results in pure rolling of the ball about an axis 7
parallel to that of the actuated omniwheel, and zero rolling about the other two axes. This
is more direct and efficient, as it does not result in the spinning of the roller of the
actuated omniwheel.

The inventive approach to enforce orthogonal omniwheel orientation follows: let
the torque produced by each motor on the omniwheel i € {1, 2, 3} be represented by

' = 7,w'where the scalar 7; is the magnitude of the torque, and
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W' o= (W, W, W} is the unit vector in the direction of the vector T. The actuators T;

contribute to the three components of torque in the upper body coordinates as follows:

T 3 T
” Ty i ool 4l )
Ty § = — T = - wWolwS W T
- Fap 7 1 Fay T
i = h =y (3)
o S B TN S T SN
T = (Wi w7iw" ), @

5  where the 75 and rw are the radius of the ball and omniwheel, respectively, the matrix 7w
is invertible, and the torques 7, Ty and 7: represent the torques in the upper body

coordinates. The ball rotation can also be computed using this transformation from the

. . . f - T
omniwheel rotation values measured by the encoders. Defining T = {Tu, Ty, T2} ;
T = (11,72 m) @ = (. Gy 02} d ©u = (1. 9, aa)t
i T T2 T3 Hae Wy ¥zl an & STEETER R yields
10 T =T/ Tw AT 9
(5)

= {"'T‘y.r :‘"‘I'fqi‘? 211 w
(1-) \ - } ?_d)(,[-' (6)

where @, ¢y and @: are the ball rotation in the upper body coordinates, and @1, @2, @3 are
the omniwheels rotational values as measured by the encoders.
The omniwheels are orthogonal to each other if the vectors w', w2, w* are
15  mutually orthogonal. This may be achieved by calculating the W* given the a and g, then
checking if w* . W = 0 fori#jand 7, j € {1, 2, 3}. The W can be determined using

the following equations:

W = Rot (3, §)Rot (%, a)%, g
z; = Rot{yq. o), (3)
w' = Rot{e”, 27 /3)'~ L 9)

. A

where Rot{%, o) is the Euler rotation matrix about %, and 1 \0 ,)73 Zg}are the initial
20  wheel axis coordinates, which are set up as shown in FIG. 7. In particular, our prototype
is set up such that the initial coordinates for the first wheel are the same as lab
coordinates {&', &2, &%} Given a particular value for o, we can determine the £ which

gives us W' W’ = 0 for i # j using an iterative method. Examples of {a, f} pairs
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resulting in orthogonal omniwheel orientation are provided in Table 2 below. (Note that

a few of the {a, f} pairs provided in Table 1 are repeated in Table 2.)

¥ ALY G0 TO°

i
< =

S| 352377 | 481867 | 32.082° | 541457

Table 2
The case of a = 70°, = 52.082° gives a transformation matrix 7 of:
"0.2102 0 —(0.7883 (.57
T = | OTREG  —0.2124 —0.5765
—0.5776 08775 —0.5775 (10)

As discussed above, there are multiple benefits of the inventive orthogonal
omniwheel orientation. First, the conventional omniwheel orientation at large o angles
leads to diminished torque available to translate the ball. Further, the orthogonal
omniwheel orientation leads directly to rotation of the ball in the actuated direction;
actuation of a single omniwheel does not result in a force applied against the other two
omniwheels in a manner that results in the spinning of the rollers of the actuated
omniwheel, thereby providing a smoother application of torque.

The MBBR dynamics are inherently 3D, complex, and nonlinear. They can be
derived with Lagrangian dynamics using no slip constraints between the ball and the floor
(v = ?‘btjzf*.y, = —7p, Jand ideal omniwheel assumptions. In order to apply linear
control, we simplify the problem significantly by assuming that the yaw rate (spin) of the
MBBR (i.e., around the z axis) is negligible (i.e., ¢ = 0). Next, we linearized the 6x and
0y about small angles. This simplifies the equations of motion into two linear, decoupled,
non-minimum phase Mobile Inverted Pendulum (MIP) problems in the x and y directions.
Additional simplifying assumptions include: no slip between the ball and the floor
(1 = rady, ¥ = —7p¢y), and ideal omniwheels. We define 6 as the upper-body tilt
angle, and ¢ as the ball rotation angle in upper-body coordinates (see FIG. 7). Note that
the angles in the y-direction affect the linear displacement in the x-direction, and vice-
versa.

Using the free body diagram in FIG. 7, we can write the planar equation of motion

in the x-direction as
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I by Ug =Ty — '?')J}f 2
5L, 6y = =7y — Plsind, — Plcosty,
it = P — [fi.

i

My (P €] = 1y [;‘I‘ —leost 8, +lsind, b, | = -F,.

o I Lol =y {cos 4 — IQU .
= —mpgsintly, — P, “S'lﬂ 8, + P costy,
where m 1s the mass, / is the moment of inertia about the center of mass, the subscripts b
and 7 represents the “ball” and “top body”, respectively, r» is the ball radius, / is the
distance from the top body center of mass to the ball center, g is the acceleration of
gravity, x is the linear displacement of the ball, Px and P: are the normal forces, f: is the
friction between the ball and the floor, and 7, is the net effective motor torque.
Combining, applying the no slip condition, and linearizing using the small angle
approximation on 6y leads to the following linear system:
Lﬁ + {my + mb‘u;f % + ';-’3'1.1;-2‘5,563;} = Ty, (n

migrpldy, + If_vﬁy — gl = —T1, (12)

where AQ&, is the inertia of the top body at the ball’s center of mass. The motor dynamics
are augmented to the equations of motion above, resulting in a model that may be used to
design the controller. The torque produced by the motors in this direction can be

expressed using the linear motor model:
Ty = ('L Vinas ’,/f i) Uy — {b + & lffRn)‘\(’g - H g,«)s (13)

where k is the motor constant, Vuax is the maximum battery voltage, Rw is the motor
internal resistance, b is the motor Coulomb friction, and #y, is the effective motor duty
cycle. The x-direction has similar dynamics, with a different inertia, ball rotation speed,
and input directions.

Successive Loop Closure (SLC), which is well known in the fields of autonomous
vehicle control and robotics, was used to separate the SIMO (single-input, multiple
output) dynamics of each MIP (mobile inverted pendulum) problem into two SISO
(single-input, single-output) parts. The (fast) inner loop stabilizes the upper body angle &

to some reference 6. The (slow) outer loop adjusts &; to stabilize the ball rotation angle ¢
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about some reference value, which can be changed via remote control. This strategy
works due to frequency separation (of at least a factor of 3) between the crossover
frequencies of the inner and outer loops. A block diagram representation of the
controller formulation is shown in FIG. 8. Briefly, the SIMO plant G(s) can be idealized

as a cascade of two SISO transfer functions, Gi(s) and G2(s), as follows:

N (.) Ay { Q\} ,-'»E L3
{7—{ S} = -5 3 ) -
Uy(s)  aas® +aps® +ags+ay’ (14)
Do
NN (ffy{ 5) {(hos* + by)
‘72'\‘5/} = () = o2 :
yi ¥ o where (15)
ey o= = (Vs / B YTy, 4 (g + m iy + meeral ).
iy ) - Ly
ag = I, ilbu + {1y + nm}z il (el ),

ay = {b+ k* Rm}i\]g;‘“ + 'k”"”"* + i irh A+ 2yl + Iéu N

oy = — (L, + (g + )y 23 {0l ),
P A,
ay = —{b+ k7 Ry ymaegl,
} ey } 4 f [T [ ,2 [
by = —{mngryd + I;y}‘,/ {Lp, + (e +my )y + myisl),

bo = wnegl/ Uy, + (my + g g + rrerad ),

We use a “dirty differentiator” filter Fiu(s) to estimate the value of C) to be used in the
velocity controller as follows:
b (s) = Ty ——— &y (s) = Fa{s)dy(s),
¢ (16)
where wc is the cutoff frequency of the filter. The inner loop controller Di(s) takes the
difference between the reference body angle 8- and the current angle € as an input and

outputs the motor command value #. The outer loop controller Da(s) takes the difference

e )
between the reference ball angular velocity ¢“r and the current speed ¢ and outputs the

reference body angle 6. Each controller Di(s) and Da(s) are designed independently,

where the prescaler P value is set to counteract the steady state error of the inner loop.

Using the measured parameters and w. = 40 rad/s, the system transfer functions are:
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“ . 17.9s
ri{s) = .
W= T 13.33)(s + 13.45)(s + 0.06) (17)
(o) = AL £ 8635 563) a18)
Fils) = — (4%

s+ 40
The transfer functions are the same for both x- and y- directions as long as their respective
inertia are the same.
The following controller was used for both directions:

D (e = 5o ls T 1345)(s +0.06)
i i\S.‘ = DI - -

s(s +40.34) (20)

, i
' {5+ 8.63) 21)
Pe1/25 @)

These controllers have a closed loop step response with inner and outer loop rise time #

of 0.11 sec and 0.38 sec respectively. The inner loop has 5% overshoot while the outer
loop has no overshoot. Based on the assumption that the heading ¢: is approximately

constant, the headings can be controlled using the simple PD controller

vy = Ko{dy =)+ Kglo,,  — és).

~ BN T § ) A Tpe =t (23)
After determining ux, #y, and u#: , we convert these values back into each individual motor
PWM commands u;, i = {1, 2, 3}, using the same transformation for 7 in Equation (5)

because of the linear relationship between 7 and #. Then we calculate

s

(131 . LE
UE r— ]
g | = —17 Yo, y
.f\ E_} -~ v

13 Yo
k<, (24)

After the conversion, the static friction on the omniwheels must also be taken into
account. Using mid-latitude omniwheel placement introduces more normal force into the

system, increasing friction. Using the nonlinear input value given by

up = esigniug) + {1 — chuy (25)

2
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where ¢ is the static boast constant and %, & {—1, 1} is the final motor command value

for the motor /.

Example 1: Prototype DROW-driven MBBR

Multiple prototypes with similar mechanical architectures and hardware were
constructed. The most robust configuration was a DROW driven MBBR with wheels
placed at a = 70°. FIG. 9 illustrates the basic components of this embodiment, which
includes DROW 91, gearmotor 92, optical encoder 93, ball 94, chassis 95, a support ball
bearing housing 96, frame/electronics mount 97, control electronics/microprocessor 98,
and battery pack 99. Additional details of the prototype as constructed are provided in
Table 3 below:

Component Details

DROW (91) 2.5cm

Gearmotor (92) Toy-grade plastic

Ball (94) Rubber, 6.4 cm diameter

Chassis (95) 3D printed

Ball Bearing Housing (96) Acetal ball

Frame/Electronics mount (97) 3D printed

Control Electronics/Microprocessor (98) BeagleBone Black microprocessor

(BeagleBoard .org)

Battery pack (99) Lithium-ion (Panasonic 18650)

Table 3

One of the most difficult components to source was the main ball 94. It was
found that the ball must be sufficiently round and have a high coefficient of friction.
Most balls smaller than 7cm in diameter had surface imperfections and lacked the
roundness to work properly. Also, balls that had a high coefficient of friction tended to
be too compliant, causing the ball to deform under large dynamic loads. We found that a
high quality rubber juggling ball was the best compromise between hardness, roundness,
and surface friction. The omniwheels were placed in contact with the ball in the
orthogonal configuration with o = 70° and f = 52.082°. The motors 92 and omniwheels
91 were rigidly mounted to a 3D printed toroidal chassis 95. The torus was designed to
remain rigid under the larger normal forces associated with large o angles. Low friction

acetal support balls in ball bearing housing 96 were used to constrain the ball 94 against
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the omniwheels 91 under dynamic maneuvers. The support ball bearing housing 96 was
designed to be adjustable, to allow varying of the preload of the support ball against the
ball. Finally, 3D printed frame 97 was used to mount the battery 99 and electronics 98,
with the legs of the frame 97 attaching to the top of chassis 95 by screws or other
fasteners.

FIG. 10 illustrates an example of a toy MBBR 102 in which an outer molded skin
104 closely fits over a structure similar to that shown in FIG. 9. The chassis 95, lower
portion of frame 97, ball 94, support ball bearing housing 96, and gear motors 92 can be
clearly seen at the lower part of the MBBR 102. In this embodiment, the omniwheel 101
is shown as a single wheel for simplicity. It will be readily apparent that a SROW or
DROW wheel structure may also be used. In a commercial embodiment, arms (not
shown) may be attached at shoulders 106 to give a more anthropomorphic appearance. In
some embodiments, additional control elements may be included in the electronics to
provide control commands to, and feedback from, motors within the MBBR body, the
arms, or a combination thereof, to allow for independent and/or coordinated movement of

the robot’s arms.

Example 2: Experimental Results

After many design iterations, several trends were observed: as expected, SROWs
resulted in lower friction and better overall performance due to their roundness and single
contact plane. However, there were issues with SROW durability which were believed to
be intrinsic to the SROW design at small scales. Also, by increasing the a angle, we were
able to stabilize designs that were not viable due to ball contact issues. For example,
the experimental DROW MBBR designs only worked if o was increased from 45° to 70°.
However, increasing o to 80° significantly increased friction and could jam the ball into
the socket due to the combination of widely spaced contact points and ball compliance.

In addition, some designs were found to be more reliant on the support balls in the ball
bearing housing to constrain the ball. For example, with the support balls removed, we
found the SROW a = 70° design was able to balance, but the SROW o = 45° could not. In
practice, all designs benefited from the use of supporting balls, however, experiments

demonstrated that larger a angles are better able to constrain the ball.
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Data were generated for three successful MBBR designs: orthogonal SROW with
a = 70°, orthogonal DROW with a = 70°, and conventional SROW with o = 45°. Data
was logged from these three prototypes during a 3 second velocity input of 1.2 rad/s
which commands the robot to move forward then to come to a full stop. The results are
shown in FIGs. 11A — 11C, where the solid line corresponds to the measurement and the
dashed line indicates the reference. All three MBBR designs responded and tracked the
velocity step well while the actual angle 8 closely matches the controller’s inner loop
reference ;. This allows the MBBRSs to be smoothly driven using remote control.

Looking at the 6 values of the DROW MBBR (upper plot of FIG. 11B), it is seen

to suffer from a ~ 8 Hz wobble caused by the reasons described above. In addition, the

{-’}3 plot (lower plot of FIG. 11B) shows that the prototype struggles to follow the velocity

step response. This is because the inner loop, which has priority over the outer loop,
attempts to stabilize the wobble prior to following the velocity command. Also, the
controller gains for the DROW MBBR needed to be increased relative to the SROW
MBBR in order to achieve similar performance. Without wishing to be bound by theory,
we believe this is caused by the switching of actuation planes, which requires additional
control to counteract the perturbations. The squared sum of the control values at time step
k, ur for t =3 -10 sec can be calculated to compare the control effort J, of both designs.
The Ju. for the SROW and DROW MBBRs are 430 and 1050 respectively, which means
that the SROW MBBR can be driven much more efficiently than the DROW MBBR.
Comparing the SROW build with a = 45° and £ = 0° to the SROW build with a = 70° and
orthogonal omniwheels, we saw a relatively small difference in performance.

Based on the above-described results, it appears that the SROW MBBR exhibits
less slip against the ball and has smoother actuation compared to the DROW MBBR.
However, at the “micro” scales needed for MBBRs, the SROW configuration tends to be
more fragile, and might be cost prohibitive in some applications. Also, increasing the a
angle can counteract the low mass of MBBRs by increasing the normal force to eliminate
omniwheel slip and reduce ball ejection. However, increasing the a must be balanced
against increased friction and stress on the omniwheels. The orthogonal orientation is
essential when larger a angles are employed in order to maintain sufficient torque to

balance the vehicle. It will be readily apparent to those in the art that, while the examples
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and discussion provided herein have been primarily focused on micro ball-balancing
robots (MBBRs), the inventive configurations can also be applied to high-performance
large-scale BBRs.

While the foregoing written description contains many specifics, these should not
be construed as limitations on the scope of the invention or of what may be claimed, but
rather as descriptions of features specific to particular embodiments of the invention.
Certain features that are described in this specification in the context of separate
embodiments can also be implemented in combination in a single embodiment.
Conversely, various features that are described in the context of a single embodiment can
also be implemented in multiple embodiments separately or in any suitable sub-
combination. Further, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed

combination may be directed to a sub-combination or variation of a sub-combination.
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CLAIMS:

1. A ball-balancing drive assembly, comprising:

a ball having a ball surface and a reference axis extending through a centroid of
the ball;

5 three omniwheel assemblies, each omniwheel assembly comprising a motor
having a motor axle and an omniwheel configured to rotate around the motor axle;

a chassis configured for supporting the three omniwheel assemblies at radially
symmetric spacings with the motor axles oriented at an angle relative to the reference axis
and the omniwheels oriented in mutually-orthogonal planes, wherein each omniwheel

10 frictionally contacts the ball surface to convert rotational motion of the motor axle to

torque on the ball.

2. The ball-balancing drive assembly of claim 1, wherein the ball surface has an
equator corresponding to a plane perpendicular to the reference axis that bisects the ball,
wherein the omniwheels frictionally contact the ball surface within a mid-latitude range

15  near the equator.

3. The ball-balancing drive assembly of claim 2, wherein the mid-latitude range

comprises 20° N to 30° N of the equator.

4. The ball-balancing drive assembly of claim 1, wherein angle relative to the

reference axis is within a range of 45° to 80°.

20 5. The ball-balancing drive assembly of claim 1, wherein the angle relative to the

reference axis is within a range of 60° to 70°.

6. The ball-balancing drive assembly of claim 1, wherein the omniwheels are

oriented mutually-orthogonally within a range of 35° to 55°.

7. The ball-balancing drive assembly of claim 1, wherein the omniwheels are

25  oriented mutually-orthogonally within a range of 48° to 52°.

8. The ball-balancing drive assembly of claim 1, wherein the omniwheels are

single row omniwheels.
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9. The ball-balancing drive assembly of claim 1, wherein the omniwheels are

double row omniwheels.

10. The ball-balancing drive assembly of claim 1, further comprising a frame

extending from the chassis, the frame configured for supporting a power supply.

11. The ball-balancing drive assembly of claim 1, further comprising a controller

for selectively and independently activating each omniwheel assembly.

12. A ball-balancing robot, comprising:

a ball having a ball surface and a reference axis extending through a centroid of
the ball;

three omniwheel assemblies, each omniwheel assembly comprising a motor
having a motor axle and an omniwheel configured to rotate around the motor axle;

a chassis configured for supporting the three omniwheel assemblies at 120°
spacings with the motor axles oriented at an angle a relative to the reference axis and the
omniwheels rotated at an angle 3 to define mutually-orthogonal planes, wherein each
omniwheel frictionally contacts the ball surface to convert rotational motion of the motor
axle to torque on the ball;

a frame extending upward from the chassis;

a control assembly disposed on the frame, the control assembly comprising an
electronic controller for selectively and independently activating the omniwheele
assemblies; and

a power supply for powering the motors and the control assembly.

13. The ball-balancing robot of claim 12, wherein the ball surface has an equator
corresponding to a plane perpendicular to the reference axis that bisects the ball, wherein
the omniwheels frictionally contact the ball surface within a mid-latitude range near the

equator.

14. The ball-balancing robot of claim 13, wherein the mid-latitude range

comprises 20° N to 30° N of the equator.
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1
to 80°.

wn

. The ball-balancing robot of claim 12, wherein angle a is within a range of 45°

16. The ball-balancing robot of claim 12, wherein the angle « is within a range of

60° to 70°.

5 17. The ball-balancing robot of claim 12, wherein the angle £ is within a range of

35° to 55°.

18. The ball-balancing robot of claim 12, wherein the angle f is within a range of

48° to 52°.

19. The ball-balancing robot of claim 12, wherein the angle o and the angle f are

10 selected as an angle pair from the pairs consisting of

o | 4 &0° T0° 80°
B | 35.237° | 45.1%6° | 520820 | 541457

20. The ball-balancing robot of claim 12, wherein the omniwheels are single row

omniwheels.

21. The ball-balancing robot of claim 12, wherein the omniwheels are double row

15  omniwheels.

22. The ball-balancing robot of claim 12, further comprising an outer skin

configured for enclosing at least of portion of the frame, control assembly and power

supply.

20
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