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Abstract

The novel Atlas motion platform provides unlimited angular displacement about any axis
by employing a unique actuation concept using omni-directional wheels (“omni-wheels”). The
omni-wheels provide angular displacement, velocity, and acceleration to a spherical cockpit
mounted on a three-axis gantry. The Jacobian of the orienting device provides a means for
mapping the angular motion inputs of the omni-wheels to the angular motion response of the
Atlas sphere. The jacobian also accounts for the slip that is produced at the omni-wheel sphere
contact points. Since the Jacobian is independent of time and dependent only upon the mech-
anism architecture, the velocity-level kinematics can be directly integrated or differentiated to
obtain the position and acceleration kinematic equations in terms of the invariant Jacobian.
The kinematic components of position, velocity, and acceleration can then be used along with
Euler’s equations of motion and the mass properties of the Atlas sphere to determine the dy-
namic governing equations. These relate the moments with respect to the sphere global axes to
the required omni-wheel torque values necessary to produce the desired motion.

1 Introduction

As part of a 4th year capstone design project offered by the Department of Mechanical and
Aerospace Engineering at Carleton, the novel 6 DOF Atlas motion platform, pictured in Figure 1,
was conceptually designed by the Carleton University Simulator Project (CUSP). The Atlas mo-
tion platform provides a unique solution to the problem faced by all motion platforms: providing a
realistic sensation of motion within a finite volume of space. The standard Stewart platform is one
solution to this problem but is confined to a specific range of rotational motion that is limited not
by restrictions of space, but by inherent restrictions of design. Atlas eliminates these restrictions by
mounting a spherical cockpit on an orthogonal three-axis gantry upon which three omni-directional
wheels (“omni-wheels”) provide unlimited rotational actuation about any axis. This arrangement
effectively decouples the orientating and positioning degrees-of-freedom. Thus, the Atlas motion
platform offers the potential to increase the motion-fidelity over current simulation platforms, mak-
ing it ideally suited for ground, marine, and air vehicle simulation platforms; as well as applications
in the entertainment industry such as gaming, movie, and amusement park motion platforms.
This paper builds upon the kinematic development previously accomplished by Robinson et al [1]
and Holland et al [2]. Further analysis of the velocity-level kinematic equations performed in this



Figure 1: Atlas proof-of-concept demonstrator.

paper demonstrates that the non-holonomic constraints, due to kinematic slip at the omni-wheel-
sphere interface, are handled implicitly by the equations. Thus, the kinematic velocity equations
can be integrated and differentiated directly to obtain expressions for position and acceleration-level
control of the Atlas sphere. Additionally, the dynamic equations of motion are developed that pro-
vide the omni-wheel torque values required to produce the desired kinematic angular displacements,
velocities, and accelerations.

2 Atlas Platform Architecture

The Atlas motion platform uses a novel structural configuration in order to achieve unlimited
rotations about the roll (X-axis), pitch (Y-axis), and yaw (Z-axis) axes or any linear combination
of these. This is accomplished by mounting the spherical cockpit on three omni-wheels deployed in
an equilateral configuration of 120°. A right-handed global coordinate system [X,Y, Z] is fixed to
the sphere origin as shown in Figure 2. Thus, omni-wheel deployment lies in the XY -plane with
the angle between each identified as § measured counter-clockwise from omni-wheel 1. Each omni-
wheel is actuated independently by a variable speed DC motor allowing differential speed between
each of the omni-wheels and providing the ability to rotate the Atlas sphere 360° about any axis.
The driving axis of each omni-wheel forms a 40° angle upward, identified as « in Figure 3, relative
to XY -plane. This configuration optimizes the structural weight of the platform by using the omni-
wheels for cockpit support and actuation. The equilateral deployment of the omni-wheels provides
distribution of the static weight thereby eliminating the need for additional structural components
to support the sphere. It also ensures that the DC motors act in parallel to simultaneously apply
torque to orient the sphere, and thereby share the load and reduce the size and weight of the
motors. These benefits would be lost, however, if the omni-wheels were place on orthogonal axes,
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Figure 2: Omni-wheel deployment in the XY-plane shown from the bottom view.

in which case additional structural components would be required to support the sphere, and larger
DC motors would be required to independently actuate the sphere in the pitch, roll and yaw case.

The kinematic analysis requires the placement of five coordinate frames at key locations. The
first is the global or inertial frame [X,Y, Z] located at the centre of the sphere with the X-axis
pointing toward omni-wheel 1 and the Y and Z-axes defined according to the right-hand-rule, see
Figure 2. A local reference frame [X', Y, Z’] is placed initially coincident with the inertial frame,
but then rotates with the sphere about the sphere origin. Three omni-wheel frames, denoted
[k, Yk, 21] where k € {1,2,3} for each omni-wheel, are fixed to the centre of the omni-wheels. The
zr-axis points outward from the omni-wheel centre along the driving axis and the z-axis points
towards the omni-wheel-sphere contact point, see Figure 3.

Various parameters that define the dimensions of the Atlas sphere and the optimal deployment
of the omni-wheels are not discussed in this paper and will be left as variables. These include the
diameter of the sphere and the location of the Atlas sphere’s centre relative to the omni-wheels.
For the purpose of analysis, the radius vector of the Atlas sphere will define the position vector of
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Figure 3: Omni-wheel coordinate reference frames.



each omni-wheel contact point in the [X,Y, Z] coordinate frame, expressed as Ry, and having the
components [Rp, , Ry, , Ri,] for each k' omni-wheel.

Since R is defined as a vector pointing from the origin of the global frame to the omni-wheel
1 contact point it will have a positive X-direction component, a negative Z-direction component,
and a zero Y-component as shown in Figure 4. The other two radial vectors for omni-wheels 2 and
3 can be determined using the transformation matrix, T}, defined by a Z-axis rotation matrix in
terms of the omni-wheel positions, Gx:

CB  SBk 0
Ty = | =83, ¢3 01, (1)
0 0 1

where cg, , and sg, respectively denote cos 3 and sin 3, k € {1,2,3}. Thus, the general expression
for the radial vectors, Ry, for each omni-wheel can be determined as

Ry CBa Ry Cps Ry
R, = 0 ; Roy = —sg, R |3 Ry = —sg Ry | - (2)
Rlz Rlz Rlz

As these position vectors each represent the location of the omni-wheel contact point with
respect to the sphere origin then

[R1[ = [Re] = |[Rall = [R]. 3)

Contact Point
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Figure 4: Omni-wheel-sphere contact point position vectors.



3 Atlas Kinematics for Spherical Motion Control

The kinematic equations for Atlas angular motion control are derived by considering each degree-of-
freedom separately and then applying the principle of superposition to obtain the resultant angular
motion response of the Atlas sphere. The result is a set of three equations in three variable omni-
wheel inputs for each level of Atlas kinematic control: displacement, velocity, and acceleration.
These equations form a linear combination of omni-wheel angular inputs that produce a resultant
sphere angular response about an infinite number of rotation axes.

3.1 Slip Considerations

The Atlas configuration shown in Figure 4 comprises a 3 DOF system with angular input possible
about each of the global orthogonal axes in the [X,Y, Z] frame. Because of the Atlas kinematic
architecture, each of the three omni-wheels represent an independent angular input that is a coupled
rotation about the X, Y, and Z-axes, and induces a corresponding angular response of the sphere,
Qy, k € {1,2,3}. This induced angular response is an independent rotation of the sphere about
a general axis that is parallel to the corresponding omni-wheel driving axis and coincident with
the origin of the global frame. The independence of each sphere angular response is conditional
on a well selected omni-wheel location specified by angle 6, that allows each of the three general
rotational axes to be resolved along the orthogonal axes of the global frame. For example, a value
of 8 = 0°, would place each omni-wheel in the XY -plane, creating a 1 DOF system, and therefore
not satisfy this requirement. Thus, with an appropriate omni-wheel location selected, the resultant
angular response of the sphere is formed from the superposition of the independent sphere angular
responses according to

3
Q = > (4)
k=1

Analysis at each of the three omni-wheel contact points will show that there will typically be
a difference between the linear velocity of the omni-wheels and that produced by the resultant
response of the Atlas sphere. The difference is produced as a result of superimposing the effects of
each of the omni-wheel-induced angular responses to obtain the resultant sphere angular response.
This kinematic velocity difference between the linear velocity components at the contact points is
referred to as kinematic slip (or simply “slip”) in this paper. Slip occurs in a general path across the
omni-wheel sphere contact point and can be resolved into two orthogonal components: a tangential
component that is directed along the tractive path of the omni-wheel, and a transverse component
directed parallel to the omni-wheel driving axis.

Slip as considered in this paper is a different phenomenon than “skid”, which is caused by the
loss of traction of the omni-wheel at the sphere contact point. Skid will occur when an excess
amount of torque, supplied by the omni-wheel, causes the applied linear force component to exceed
the force of friction. For purposes of kinematic development, it will be assumed that the maximum
torque that the omni-wheel can supply without loosing traction is known, and therefore the omni-
wheel torque values are controlled and skidding avoided.

In performing the kinematic analysis, each omni-wheel can be considered without regard to the
effects of the other two since each omni-wheel represents an independent degree-of-freedom of the
system. This implies that the kinematic analysis can be conducted in the absence of slip. Such



an assertion is used in the simpler kinematic analysis of a projectile moving in three-dimensional
space. Considering a situation where three distinct force components act on the projectile, then in
the most general case, each force will induce motion in all three orthogonal X, Y, and Z-directions
simultaneously. Resolving the motion components into these three independent orthogonal axes
allows the analysis for each direction to be conducted without regard to other two. For example, the
kinematics in the X-direction does not depend upon the kinematics of the Y-direction. Superim-
posing the results of each analysis yields the resultant mathematical description of the projectile’s
motion in all three orthogonal directions at once.

A similar kinematic analysis can be used for Atlas in order to remove the slip that occurs at
the omni-wheel-sphere contact points. Since the angular inputs supplied by the omni-wheels form
independent angular rotations about the X, Y, and Z-axes, the kinematic analysis for each omni-
wheel input can be conducted without consideration for the angular motion effects induced into the
sphere by the other two omni-wheels. This assumption implies that each omni-wheel contributes
a coupled angular rotation, €2, about each of the orthogonal axes of the global frame, [X,Y, Z],
in the absence of slip. The final superposition of all three omni-wheel-induced angular responses
yields the resultant mathematical description of the angular motion of Atlas in all three orthogonal
directions. Such a description inherently includes the kinematic slip at the contact points. Thus,
the kinematic slip does not occur until the three solutions are superimposed to obtain the general
kinematic description of the sphere’s angular motion in three-dimensional space.

3.2 Velocity-Level Kinematics

The velocity-level kinematics for Atlas rotational control as developed by Robinson et al [1] is
summarized here and forms the basis for the development of the position and acceleration kinematic
equations. The velocity-level kinematic equations relate the angular velocities of the three omni-
wheels, wy, expressed in the omni-wheel reference frames [z, yx, zk], k € {1,2, 3}, to the resulting
angular velocity of the Atlas sphere, €2, expressed in the global-frame [X,Y, Z].

As discussed, the kinematic analysis of each k" omni-wheel can be accomplished without regard
to the effects induced by the other two since each represents a single independent input into the
3 DOF system. This allows the construction of the kinematic equations in the absence of slip.
However, to obtain the resultant angular velocity of the sphere, the effects of all three omni-wheels
must be superimposed.

Each omni-wheel produces only a y-component of velocity in the local k** omni-wheel frame
supplying a tangential linear velocity to the sphere according to

Vi = W Xrp = [O, *Uky,O]T, (5)

where wy, = [wy,,0,0]7 and ri = [0,0,7,]7. For each omni-wheel, the radius vector, ry, is directed
from the centre of the omni-wheel axis to the sphere contact point along the z-axis. The omni-wheel
linear velocities, v, are tangent to the Atlas sphere and can be transformed into the global-frame
using Equation (1) as follows:

Vk = Tkvk. (6)

This linear velocity produced by omni-wheel k, induces a corresponding angular velocity, €,
k€ {1,2,3} at the kth contact point according to the expression

Vk = ﬂkXRk. (7)



The inverse cross product of the above expression relates the angular velocity of the Atlas sphere
produced by omni-wheel, k, to the respective linear velocity of the omni-wheel [3]:
Rk X Vk
Q = ——. (8)
IR[?
So far, the analysis has focussed only on the contribution of kinematic motion from a single
omni-wheel, k. As this is a linear system, the sphere angular velocities produced by each individual
omni-wheel can be superimposed to gain the resultant sphere angular velocity, 2, according to

3
Q = > 9 (9)
k=1

As previously discussed, each omni-wheel contributes a component of the total sphere angular
velocity about the global-axes [X,Y, Z]. Superimposing each component forms a vector of angular
velocity contributions for each omni-wheel that when summed produces the resultant Atlas sphere
angular velocity which necessarily includes tangential and transverse components of slip across the
omni-wheel-sphere contact points. This result is explicitly expressed when the Atlas Jacobian, J,
is extracted from Equation (9) to produce the final velocity-level kinematic equation

r RlZ RlZCg2 RlZCBS w1

z

Q = Jw ”R”2 0 —R1Z852 —R1Z853 w2 . (10)
_R1X _Rlx _RIX w3

The expression represents a linear combination of the individual omni-wheel angular velocities
in the [z, yk, 2k frame, and transforms them into the resultant Atlas sphere angular velocities
in the [X,Y,Z] frame. Examination of the Jacobian shows that it is always invertible for any
configuration provided that the initial design parameters do not result in architectural singularities
[1]. This permits the inverse problem of determining the required omni-wheel velocities given a
desired sphere angular velocity by simply taking the inverse of the Jacobian and multiplying both
sides to produce

w=J'Q. (11)

As discussed, Equation (10) includes the kinematic slip components created at the omni-wheel-
sphere contact points. However, these components can be extracted by using the slip model devel-
oped by Holland et al [2]. This exercise is left to the interested reader for further exploration.

3.3 Position and Acceleration-Level Kinematics

The determination of the position and acceleration kinematic equations becomes a trivial task since
the velocity kinematic Equation (10) can be directly integrated or differentiated with respect to
time. This is because the Jacobian, J, consists entirely of time invariant geometric elements that
define the dimensions of the sphere and the angular deployment of the omni-wheels. Once these are
defined, they do not change with time and thus the Jacobian remains constant during integration
and differentiation.



Integrating Equation (10) with respect to time yields the expression for position-level kinemat-
ics:

r Ry, Ry, cp, Ry, cp, 01
(-3 = JG = ||Rj|2 0 _R1ZSB2 _Rlzsﬂ3 02 s (12)

which describes linear combinations of angular displacements, 8y, for each omni-wheel, k € {1, 2, 3},
and superimposes the components into the overall angular displacement of the Atlas sphere, ®, in
the global-frame [X,Y, Z].

Differentiating Equation (10) with respect to time yields the expression for acceleration-level
kinematics:

r, Ry, Rlzcﬂz Rlzcﬁs ai
A= Ja = R|P 0 —Ry,s3, —Ri,8s, Qg |, (13)

which forms a linear combination angular accelerations, ay, for each omni-wheel, k& € {1,2,3}, and
superimposes the components into the overall angular acceleration of the Atlas sphere, A, in the
global-frame [X, Y, Z].

Again, as for velocity-level kinematics, the angular displacement and acceleration slip compo-
nents are accounted for implicitly by superimposing the individual effects of each omni-wheel.

4 Atlas Dynamics for Spherical Motion Control

The final step in controlling the Atlas rotational motion involves the determination of the torque
required for the omni-wheels to generate the desired sphere angular velocities and accelerations.
Since we are now dealing with the forces that cause the motion, the kinematic equations developed
for angular position, velocity, and acceleration will be used together with the mass properties of
the Atlas sphere in order to determine the dynamic equations of motion.

4.1 Atlas Mass Properties and Frame Transformations

The primary mass property considered for rotational motion is the inertia tensor, I, defined as

Ixx —Ixy -Ixz
I = | Iy Ly -Lyz |. (14)
~lIzx —lzvy Izz

However, if the local frame [X’, Y’ Z’] which rotates with the sphere is used, the products of
inertia all become zero leaving only the moments of inertia along the diagonal.

Ixxy 0 0
I = 0 Tyyw 0 |. (15)
0 0 177

Since the kinematic equations produce angular velocities and accelerations of the sphere in the
global frame, these values must now be transferred into the local frame. This can be accomplished



with the position-level kinematics expression which provides the orientation of the sphere, and
hence the local frame rotating with it, at any moment in time. Once the angles of rotation of the
local frame have been determined, a rotation matrix for each of the three angles can be formed
which represent a rotation of the local frame with respect to the global frame about each of the
global axes X, Y, and Z:

1 0 0
“Rx(©x)=|0 cOx —sOx |,
0 S@X C@X i
C@Y 0 S@y i
fRy(0y)=] 0 1 0 |, (16)
—S@y 0 C@Y_
C@Z —S@Z 0
fRz(O7)=| sO; Oy 0
0 0 1

Multiplying these three rotation matrices together produces the overall orientation of the local
frame with respect to the global frame. It should be noted that the order of multiplying the matrices
must be maintained since matrix multiplication is generally not commutative, nor are rotations [4].

YRxyz(0x,0y,07) = YRZ(02)7Ry(0y)fRx(Ox) (17)

The inverse of the above rotation matrix, gR)_(IY 4, provides the orientation of the global axes
with respect to the local axes and can be used to map the global values of angular velocity and
acceleration into the local frame. The following two expressions demonstrate how this is accom-
plished:

Lo =90R} %0, (18)
LA =Ry ,CA, (19)

where “Q and ©A are the global sphere angular velocity and acceleration required for simulation
and “Q and LA are the mapped local angular velocity and acceleration.

4.2 Omni-Wheel Torque Actuation

Now that all the necessary components are in the local frame, Euler’s equations of motion can be
used to compute the moments about the local-axes and are determined to be [5]

My = IxNy — (Iy — I7)Qy 2y,
My = Iy Ay — (I — Ix )0, (20)

My = Iz — (Ix — Iy )% Qy.
Collecting these terms into the vector, M’, the moments must be transformed back into the
global frame using Equation (17) producing, M, the moments expressed in the global frame. Finally,

the torque for each omni-wheel can be determined using the Jocobian again to relate the moments
about the global [X,Y, Z] axes to each of the k*" omni-wheel frames [z}, yx, 2], where k € {1,2,3}:

T =J"M, (21)



where T is the collection of torque values required by each omni-wheel, k, to produce the moments,
M, about the global axes.

5 Conclusions

The Atlas motion platform achieves unlimited angular motion about any axis using three omni-
wheels that induce simultaneous, but independent, angular displacements in the Atlas sphere.
As each omni-wheel rotates, the angular inputs are superimposed yielding the resultant angular
response of the sphere. The resultant response must necessarily produces slip in the tangential
and transverse directions at the omni-wheel-sphere contact points. However, since each of the
omni-wheels represents an independent input into the the 3 DOF system, each omni-wheel can
be analyzed independently from the angular effect produced by the other two. Therefore, explicit
determination of the slip components, while possible, is not necessary for a complete kinematic
analysis of the Atlas motion platform.

The velocity kinematics expression can be directly integrated to obtain the position-level kine-
matics or differentiated to obtain the acceleration-level kinematics. Using these kinematic expres-
sions and the mass properties of the sphere, the dynamic torque values necessary to induce the
required angular velocities and accelerations can be determined. The position kinematic expression
is used to track the orientation of the sphere and produce the transformation matrices required to
map the angular velocities and accelerations into the local frame from the global frame and vice
versa. Using the local frame causes the products of inertia to cancel and allows Euler’s equation of
motion to be used to determine the required moments that must be induced in the sphere by the
omni-wheels.
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