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Abstract—The object of research is a spherical robot with an
internal platform with four classic-type omni-wheels. The motion
of the spherical robot on the horizontal surface is considered
and its kinematics is described. The aim of the research is to
study the dynamics of the spherical robot with different levels
of detailing of the contact friction model. Nonholonomic models
of the dynamics of the robot with different levels of detailing
of the contact friction model are constructed. The programmed
control of the movement of the spherical robot using elementary
maneuvers is proposed. The simulation of motion was carried
out and the efficiency of the proposed control was confirmed.
It is shown that at low speeds of movement of ther spherical
robot, it is allowed to use a model obtained under the assumption
of no slipping between the sphere and the floor. The influence
of the contact friction model at high-speed movements of the
spherical robot on its dynamics under programmed control is
demonstrated. This influence leads to the need to develop more
accurate models of the motion of a spherical robot and its contact
interaction with the supporting surface in order to increase the
accuracy of motion control based on these models.

Index Terms—spherical robot, dynamics model, kinematics
model, omni-wheel, omni-platform, multicomponent friction

I. INTRODUCTION

Currently, research on mobile wheeled robots that are ca-
pable of omnidirectional movement has become popular. One
of the most widely used ways to achieve the possibility of
omnidirectional movement is the use of spherical or omnidi-
rectional wheels [1]. In this article, we will consider a mobile
wheeled robot in the form of a sphere.

In the development and study of the mechanics of spherical
robots, an important role is occupied by issues related to
solving the problems of motion control and navigation of
such robots. An overview of the principles of spherical robots
control can be found in more detail in [2], [3]. One of the
most common control principles is associated with changing
the center of mass of a spherical robot (for example, using a
pendulum located inside the sphere); the creation of gyrostatic
moments (for example, the rotation of rotors fixed inside
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the sphere); equipping with internal omnidirectional platforms
(omni-platforms) with omni-wheels.

Studies of the dynamics and control of spherical robots are
closely related to the researches on the ball motion and the
classical problems of billiards or Chaplygin ball [4]-[8]. In
these studies, the dynamics of the ball is described using the
methods of nonholonomic mechanics (under the conditions
of non-slip contact points with the floor or the absence of
spinning). Motion along a plane, a cylindrical surface, and
an ellipsoid is considered. The papers [7], [8] discuss the
controllability of the Chaplygin ball using three gyrostats in
two cases: under the condition that the ball rolls without
slipping at the contact point; and in the presence of friction
forces. In the second case, the viscous friction model and the
Coulomb dry friction model are considered.

In works [9], [10], for a ball with an internal pendulum,
a feedback motion control law is proposed. Limitations are
shown when using such a control, due to technological diffi-
culties in the manufacture of a spherical robot with a pendulum
inside.

In this regard, a promising direction in the development of
spherical robots is the creation of spherical robots driven by
internal omni-platforms [11]-[14]. In these articles, a spherical
robot with an internal platform equipped with three mecanum
wheels is considered (see Fig. 1). The work [11] presents a
kinematic model that can be used to calculate the angular
velocities of the platform wheels for rectilinear trajectories
at arbitrary speeds; and for curvilinear trajectories — only in
the case of low speeds.

As a direction for further research, it is singled out to
develop of a dynamic model, which take into account the
slippage of the omni-wheel rollers, the characteristics of the
floor, and the design of an control algorithm based on this
model.

It was shown in [12] that the displacement of the center of
mass of the internal omni-platform leads to a significant devia-



tion from the given trajectory in the process of movement. The
article [13] presents the equations of dynamics of a spherical
robot with an internal omni-platform, taking into account the
displacement of the center of mass of the platform, described
in the framework of nonholonomic mechanics, and a trajectory
tracking algorithm is developed. However, when using the
proposed algorithm, after the rolling along the given trajectory
is completed and the control is turned off, the spherical robot
continues free movement, which in the general case is chaotic.
To eliminate this shortcoming, it is proposed to use elementary
maneuvers (gates) that allow the robot to switch from one
stationary movement to another.

Y

Fig. 1. Spherical robot with an internal platform having three mecanum
wheels [11].

A multicomponent friction model can be used for describing
the contact interaction forces of a spherical robot with a
supporting surface (floor), taking into account sliding, rolling
and spinning of sphere. For example, in papers [15]-[17] the
motion of a ball along a horizontal plane is described using
the multicomponent friction model.

In this article, the object of research is a spherical robot with
an internal platform equipped with four classic-type omni-
wheels. The aim of the research is to study the dynamics of a
spherical robot with different levels of detailing of the contact
friction model. To achieve the aim of the study dynamic
equations with various detailing of the contact friction model
is constructed and program control laws for a spherical robot
with an internal platform equipped with four omni-wheels is
obtained.

The relevance of the study is related to the use of spher-
ical mobile robots in observation, environmental monitoring,
patrolling, underwater and planetary research.

It is expected that the contact friction model, which takes
into account the sliding, rolling and spinning of the sphere,
will significantly affect the dynamics of the robot.

II. DESCRIPTION OF THE SPHERICAL ROBOT
A. Robot Design and Assumptions

In this article, we consider a spherical robot with an internal
omnidirectional platform (Fig. 2). In contrast to the known
designs for the spherical robot, the omni-platform of the robot
is equipped with four symmetrically arranged omni-wheels of
the classical type.

Fig. 2. Kinematic scheme of the spherical robot with an internal platform
having four omni-wheels: a) side view; b) front view; c) top view

Describing the motion of the spherical robot, the following
assumptions are made:

« the centers of mass of the spherical shell and the internal
omni-platform coincide and are located in the geometric
center of the sphere C,

« depending on the level of detail of the contact interaction,
the contact of the sphere with the supporting surface is a
point contact or is represented by a contact area with the
center at point P;

« the omni-platform move translationally [11], [12], [14];

« a simplified model of omni-wheels [18] is used and there
is no slippage at the contact points of the omni-wheel
rollers along their axes with a spherical shell.

To describe the movement, a moving coordinate frame C XY Z
of spherical robot with a center at the geometric center C' of
the sphere is introduced, and a fixed coordinate frame xyz,
which differs by rotation by an angle 1 relative to the vertical
z-axis.

B. Kinematic Model

Let’s find expressions that relate the velocities of the plat-
form to the rotation velocities of wheels. A vector equation that
expresses the condition of non-slip of the contacting rollers of
i-th omni-wheel (i = 1,4) relative to the spherical shell is
using:

(wp X ree, +wi X rok, —ws Xrek,) e =0, (1)

where the following notations are introduced:

e wp = 0,ws = (wsx,wsy,wsz)T,w; — vectors of
angular velocities of the omni-platform, spherical shell
and i-th omni-wheel, respectively;

e Tcc, = TCK; — Tc;k; — radius vector connecting the
geometric center of the sphere and the center of mass of
the i-th omni-wheel C;;

e T, K, — radius vector connecting the point C; and point
of contact K; of the i-th omni-wheel with the sphere;

e TCK, = I%SV) ¢, Kk, — radius vector connecting the
geometric center of the sphere and the point K;;

e e; — unit vector of the axis of the contact roller of the
i-th omni-wheel.

¢ Ry — omni-wheel radius;

e Rg — spherical shell radius;



The projections of these vectors on the moving axes C XY Z
have the form:

ws = (wsx,wsy,wsz) s Ve=(Vx, Vy, 0)T,

= (¢1cosa,0,psina)”, e = (0,-1,0)T,

= (0, p3 cos a, pysina) T, ( 1,0 O)T7

= (—p3 cos a, O,gbgsina)T =(0,1,0)",
wy = (0, —p4cosa, Py sma)T = (1,0, O)T7 2)

rey i, = Rw(sina, 0, — cos a)T,

T

(
ro,k, = Rw(0,sina, — cos oz)T7
( —cosa) ",

TCsKs = RW —sin [ 0,
rc,x, = Rw (0, —sina, —cosa) T,
where o = |£(CZ,rcc,)| is the angle between the planes of
the omni-wheel and the vertical axis C'Z; ¢; is angle of the
i-th omni-wheel (i = 1,4) rotation relative the platform.

Equations (1) in projections onto the moving axes CXY Z
taking into account expressions (2) can be written as:

. Rg '
¢1 =—— (wsx cosa + wgz sina),
Ry
. Rg
Y3 =— (wgy cos & + wgz sina) ,
Rw
Rgs 3
¢3 =5 — (—wsx cosa +wszsina),
Ry
. Rg .
Vg =—— (—wgy cosa + wgz sina) .

Rw

Considering the nonholonomic model of the motion of the
spherical shell, the following the non-slip conditions for the
contact point of the sphere with the supporting surface are
used:

Vx = Rswsy, Vy = —Rswsx. 4

The resulting kinematic equations (3) and (4) are used to
describe the model of the spherical robot dynamics.

III. NONHOLONOMIC DYNAMIC MODELS OF THE
SPHERICAL ROBOT

Consider two cases of describing the dynamics of the
spherical robot: the case of the sphere moving without slipping
at the point of contact with the supporting surface; and the case
of taking into account sliding, spinning and rolling during the
spherical robot motion. To obtain the equations of dynamics
of the spherical robot, the Appel formalism [19] is used.

A. Model of Dynamics of the Spherical Robot Taking into
Account Sliding, Spinning and Rolling Friction in the Contact
Spot

Appel’s equation of the robot motion have the form:

08
77 — 1L (&)

where II is the vector of the generalized forces; & =
(VX,Vy@SX,wSy,wSZ)T is the quasi-acceleration vector;
and the expression for the acceleration energy of the system
can be calculated as the sum of the acceleration energies of

the spherical shell, the internal platform and four omni-wheels,
according to the formula:

1 . . .
S :§JS {(wsx —wszwsy )’ + (Wsy +wszwsx)® + w%z] +

+ %mR |:(VX —wSZVy)2 + (Vy +WSZVX)2:| +

+odw (B4 E+ R+ ).
(6)
where mr = mg+mp+4myy is the total mass of the sphere,
the platform and four omni-wheels; Jg is moment of inertia of
a spherical shell; Jy is moment of inertia of the omniwheel
around its own axis.
Taking into account the equations of the nonholonomic
constraints (3), we can write the acceleration energy of the
spherical robot (6) in the form:

1 . . .
S=5Js {(wsx —wszwsy)? + (Wsy +wszwsx)? + wéz} +
1 . 2 , 2
T 3mR {(VX - WSZVY) + (VY +wSZVX> } +
1 R
+2JW ( S) [2 (w%x +wgy) cos2a+4wngsin2a] .

Rw
(7N

The following equation for the power of the active forces
is used to find the generalized forces:

Nafz

+ F;T (Vv + Rswsx) + ML wsx+
+ M{;Twsy + Mgrwsz,

— pw i) Pi +Ff (Vx — Rswsy) +
(®)

where M; are the control torques created by the omni-
wheel drives; uy is coefﬁment of the linear friction in the
platform—wheel joints; FX ,F{:T are the projections of the
sliding friction force on the axes CX and CY; M )f(T,M Jr
are projections of the moment of rolling friction on the axes
CX and CY; M ? is the moment of spinning friction.

Now we present the generalized forces taking into ac-
count the expressions for the rotation velocities of the omni-

wheels (3):
My, =F, Ty, = FL",

R
=M1+ FI"Rg + == (My — Ms) cos a—

wsx Y RW
QuWR% cos? o
- TWSXa
11 :MfT—FfTR +R—(M2—M4)cosa—
wsy Y RW (9)
2uw R cos? a
- TWSY,
fr RS
My, =Mz + R (My + My + M3 + My) sin a—
w
4,uWRS sin® «
B



Here, the reduction of friction coefficients to pseudovelocities
is performed similarly to how it was done in [20].

Differentiating the energy of accelerations (7) taking into
account expressions (9), we obtain the equations of dynamics
in the form:

MR (VX - wssz) = F)J;T,
R2

Js + 2Jyw —=
( S + WR%/V

mg (VY + WSZVX) = F{:r,
cos? a) (Wsx —wszwsy) = M)f{—l—

R 2w R2 2
+ F{;TRS + 5 (M; — M3) cos o — ZHwfts €05

RW R%}V WsXx,
R2
(JS + 2JWR—QS cos? a) (Wsy + wszwsx) = M{j—
w
Rg pw R% cos® o
— Ff'Rs + == (My — M. _ 2uwhig cosTa
+ Rw( 2 1) cos 2, wsy,
R2
(Js +4Jw (st) sin? a) wsy = Mér—i-
w
R 4y R% sin?
+R75(M1+M2+M3+M4)sma %mau}gz.
w w
(10)

In the case of taking into account the sliding, rolling and
spinning of the spherical shell relative to the floor (contact
patch), the motion of the spherical robot can be described
using a system of five dynamics equations (10) and four
kinematic equations (3). In this case, to close the system of
equations (10), it is necessary to redefine the friction model.

B. Model of the Dynamics of the Spherical Robot, Obtained
Under the Condition of Non-slippage of the Sphere at the
Contact Point

In the absence of slip at the contact point of the sphere with
the floor (4), the expression for the acceleration energy (7) can
be written as:

S =
:% (mR + ég) [(VX — wS2Vy>2 + (Vy +WSZVX>2] +

s JWRS

Y

Now we present the generalized forces taking into ac-
count the expressions for the rotation velocities of the omni-
wheels (3):

1 2y €os2 o
II My — My)cosa — ———Vx,
vx SR (Ms — My) R X

1 2 cos? o
My, = B (Md—Ml)COSOé—’U/VVT v,

RW w (12)
HWSZ :m (M1 + MQ + M3 + M4) sin a—
4,uWRS sin® o

R2 wsz.

Differentiating the energy of accelerations (7) and taking
into account expressions (9), we obtain the equations of
dynamics in the form:

Js . 2J 2o
(ot 55 ) (9 —wsatir) + 220800
w
2uyy cos? o cos o
Vx = My — M.
R2 X RW ( 2 4)7
Js . 2.J 20
(et 555 ) (B savie) + 2082005
w
2uyy cos? o Ccos o
R? . ) dpyy R
(Js + 4Jw (;) sin? a) wsz + wwsz =
Ry Ry,
_ Rs

(My + My + M3 + My)sin a.
" Rw

(13)

According to the obtained model, it is clear that the motion
of the spherical robot can be described by a system of three
dynamic equations (13) and six kinematic equations (3), (4)
in case of the absence of slippage.

IV. CONTROL OF THE MOVEMENT OF THE SPHERICAL
RoBOT

To perform elementary maneuvers, the control torques can
be calculated in the form of program control. For this, it is
convenient to use the dynamics model (13), having previously
rewritten them in the form:

My — M, — T Fyx, My— M, = B Fy,
COS (v COS
R (14)
w
My + My + Mz + My = ——
Rgsina

Here F'x,Fy, Mz denote the left hand sides of the equa-
tions of dynamics (13), which are functions of velocities
Vx,Vy,wsz, which are given as functions of time for the
program motion.

Using the pseudoinverse matrix method, the system (14) is
solved with respect to the control torques:

Rw 2
My =—|——F —M
! 4 < cos o Y+Rssina Z>’
R 2 1
M2 = L x + . MZ )
4 cos « Rgsina (15)
Rw 2 1
My = —— F M
K 4 (cosa ¥ 7 Rgsina Z)’
R 2
=t (2 e L )
4 Ccos & Rgsina

To evaluate the performance of the obtained control, we
numerically integrate the equations of dynamics (10) and (13)
for one of the movements of the spherical robot with control
actions given by formulas (15). In this case, for the model de-
scribed by equations (10), as the model of contact interaction,
we consider the model of multicomponent friction [21], which



takes into account the sliding and spinning of the spherical
shell (MY = M{" = 0):

—fmryg Vrx ;
VVix +Vay +e+ (35) X lwsz|
Vpy
Vix +Viy +e+ (%)XWSZ\’
XWsz
5v/Vix +Viy +e+ (;76r)>(\wsz|7
Vpy = V» + Rswsx.

Ff =

FJ" = —fmgg

ML = —fmggx

Vpx = Vx — Rswgsy,
(16)
Here ¢ is a small parameter introduced to regularize expres-

sions (16) near zero; x is the radius of the contact spot; f is
coefficient of friction.

V. SIMULATION RESULTS

Let’s simulate the motion of the spherical robot with the
found program control. As an example of motion, consider a
programmed movement along a straight line along the C X
axis at the constant speed V. For comparison, we consider the
movement with low (V = 0.6 m/s) and high (V = 3.0 m/s)
values of speed.

During the simulation, we numerically integrate the equa-
tions of motion for model (13), which does not take into
account slippage at point contact of the sphere with the support
surface, and model (10), which takes into account the sliding
and spinning of the sphere, and control torques (15). The
following numerical values of the other parameters are used:

mpr = 7.8kg, Jg =0.144 kg - m?, Rg = 0.2 m, f = 0.1,
Ry = 0.04 m, o = 45°, Jyy = 0.25- 1073 kg - m?,
X =0.03m,py =0.05N-m-s,e=10"° m?/s?.

The simulation results are shown at Fig. 3, 4 (for the case
of low speed) and Fig. 5, 6 (for high speed case).
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Fig. 3. Dependence Vx obtained from the results of modeling equations (13)

(gray solid line) and equations (10) (black dashed line) with control torques
calculated at low program speed.

It can be seen from the graphs that the found program
control provides program movement at the end of transients.
Based on the simulation results, it can be concluded that at
low speeds of the spherical robot (see Fig. 3, 4) it is allowed to
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Fig. 4. Dependence wgy obtained from the results of modeling equations (13)

(gray solid line) and equations (10) (black dashed line) with control torques
calculated at low program speed.
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Fig. 5. Dependence Vx obtained from the results of modeling equations (13)

(gray solid line) and equations (10) (black dashed line) with control torques
calculated at high program speed.
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Fig. 6. Dependence wgy obtained from the results of modeling equations (13)

(gray solid line) and equations (10) (black dashed line) with control torques
calculated at high program speed.

use model (13), obtained under the condition of non-slippage
of the sphere and under the assumption of point contact;
and at high speeds of movement of the spherical robot (see
Fig. 5, 6), the influence of the model of contact friction of
the spherical robot with the supporting surface is manifested.
This conclusion is consistent with the results obtained in [10]
when considering the spherical robot with an internal platform
equipped with three mecanum wheels.



VI. CONCLUSION

This article proposes a design of the spherical robot with
an internal platform equipped with four classic-type omni-
wheels. The motion of the spherical robot on the horizontal
surface is considered. Dynamic models of the spherical robot
with different levels of detail of the contact friction model are
constructed.

Proposed program control of the movement of the spherical
robot using of elementary maneuvers. The simulation of
motion was carried out and the operability of the proposed
control was confirmed. It is shown that at low speeds of the
spherical robot it is allowed to use the model obtained under
the condition that there is no slippage between the sphere and
the surface. The influence of the model of contact friction
at high speeds of the spherical robot on its dynamics under
program control is demonstrated. This influence leads to the
need to refine the models of the motion of the spherical robot
and its contact interaction with the supporting surface for
the subsequent synthesis of control, which provides a higher
accuracy of motion.

Further work will be devoted to taking into account the
displacement of the center of mass of the internal platform
and the construction of the control that compensates for the
effect of slippage at the points of contact.
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