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This paper presents an innovative control strategy for an overactuated omnidirectional spherical drone,

capable of both flying and rolling on the ground. The control system, based on Feedback Local Optimality
Control (FLOP), utilizes a comprehensive dynamic model that facilitates smooth transitions between flight
and rolling modes, optimizing energy efficiency and enhancing maneuverability. Key features include an
advanced decision-making mechanism for contact detection and a constrained control allocation algorithm
that respects physical limitations. Virtual simulations have demonstrated the control system's robustness and
responsiveness. This spherical drone design not only extends the capability to navigate complex environments
but also enables energy conservation during ground transport.

1 INTRODUCTION

In recent years, mobile robotics has increasingly
focused on spherical robots due to their agility and
stability in complex scenarios, making them ideal for
industrial inspections, exploration of rugged terrains,
urban search and rescue operations in difficult
environment (Diouf et al., 2024). Integrating in a single
system the flight capabilities of traditional multicopters
with the ability to roll on surfaces offers unique
versatility and energy-saving modes during ground
transport. However, the realization of such systems
remains challenging, necessitating innovations in
mechanics, sensing, and control. Current solutions
often present significant limitations that hinder the
widespread adoption of such robots in real
applications. Simpler designs mount traditional coaxial
or quadrotor UAVs inside a protective cage using
connecting  rods, but these underactuated
configurations typically suffer from low control
capability, especially in rolling maneuvers (Hou et al.,
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2013; Zhou et al., 2010). Quadrotors with variable-
pitch propellers, offer versatile operations on land,
water and in the air, but are complex to manage and
maintain (Yao et al., 2021). Improved maneuverability
can be achieved with configurations allowing relative
rotation between the quadrotor and the shell along a
connecting rod equipped with ball bearings, but this
solution favours rolling in one direction (Dudley et al.,
2015; Kalantari & Spenko, 2014). Complete
omnidirectional motion in flight and rolling can be
attained with spherical flying robots equipped with a 3-
axis gimbal mechanism. This design absorbs impacts
by allowing the external cage to rotate passively,
though it introduces high mechanical complexity (Atay
etal., 2021; Briod et al., 2014). Finally, a hybrid aerial
and ground mobility robot with a fully actuated
multirotor system rigidly connected to the spherical
shell offers promising omnidirectional mobility but
requires further development to fully evaluate control
and maneuverability in real-world scenarios (Sabet et
al., 2019).
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Among the various solutions, omnidirectional
flying spherical robots with reversible propellers,
over-actuated and gimbal-less, represent an emerging
and promising area of research, offering high
versatility with reduced mechanical complexity and
improved structural robustness. However, this
configuration requires more sophisticated control to
manage impact moments and transitions between
flight and ground rolling movement, such as in
landing and take-off operations. To pursue this
objective, in this study we implemented a nonlinear
control algorithm that optimizes performance both in
flight and rolling, and that can effectively manage the
transitions during landing and take-off operations.

The Feedback Local Optimality Principle (FLOP)
control, belonging to a special class of optimal
controllers named Variational Feedback Controllers
(Pensalfini et al., 2017; Pepe et al., 2018; Pepe et al.,
2023; Pepe et al., 2019), allows for the integration of
nonlinear behaviors, typical of spherical attitude
control (Spitaleri et al., 2024), and for following
assigned trajectories in feedback. The validation of
the algorithm has been carried out through numerical
simulations in a multibody environment, testing the
robustness of the controller. The control hardware is
emulated in the Simulink MathWorks virtual
environment, where both the hardware and its
integrated sensors are simulated, allowing for
comprehensive testing and development without the
need for physical components.

The paper is organized as follows: Section 2
describes the design of the newly assembled drone;
Section 3 presents the equations of motion that
characterize a rolling-flying sphere; Section 4 details
the control system design; and Section 5 presents
numerical results through simulations in flight,
rolling and mixed modes.

2 SPHERICAL ROBOT DESIGN

The spherical robot developed in this study features a
structure composed of three main elements, as
depicted in Figure 1: an internal central unit, an
external spherical frame, and eight cross-shaped rods.
The internal central part houses the battery and
electronic components, while the external spherical
frame allows for rolling and provides protection. The
aluminium rods connect the internal part to the
external frame of radius R, ensuring structural
rigidity and enabling the mounting of eight rotors in
a star configuration, one for each rod, as proposed in
(Brescianini & D’Andrea, 2018). The over actuation
and the specific arrangement allow the motors to push

uniformly in different directions, ensuring
omnidirectional control. The other parts of the robot's
chassis are 3D printed from polymer material (PLA),
with the spherical shell featuring a thin and lattice-
like geometry that provides both lightness and
robustness, minimize aerodynamic interference and
ensures smooth rolling. The central unit includes the
Pixhawk 6X flight computer running the open-source
PX4 control software. The onboard sensor system
comprises three six-axis MEMS inertial units, two
barometers, and a magnetometer, offering
stabilization and noise reduction. The robot's rotors
consist of brushless outrunner motors connected to
fixed-pitch, three-blade symmetric propellers capable
of generating variable thrust in both rotational
directions. The electric motors are controlled by two
ESCs, each with four independent outputs that
modulate the voltage applied to the motors via pulse-
width modulation (PWM) control and can reverse the
direction of motor rotation. The six-cell 3300 mAh
lithium polymer battery provides approximately ten
minutes of hover time, delivering a peak power of 6.5
kW.

Pixhawk 6X

Propeller

Rods

ESC

Figure 1: The newly assembled spherical robot prototype,
featuring a 0.32 m radius spherical shell with a total weight
of 2.3 kg. The robot is equipped with eight thrust motors
and eight reversible three-bladed propellers. The onboard
hardware is centrally positioned within the shell.

3 DYNAMIC MODEL

The dynamic model of a spherical drone capable of
flying and rolling requires an adaptive modeling
approach depending on the operational conditions: (i)
during flight, the model must account for the mass,
inertial and aerodynamic forces. This involves
analyzing the flight dynamics, which includes the
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thrust of the rotors; (ii) during rolling, it is necessary
to introduce a holonomic constraint that allows
replicating the reaction force of the support plane and
the tangential friction force. The entire dynamic
model serves a dual purpose: on one hand, it enables
testing and validation of the system in a simulated
environment; on the other hand, it is crucial for
implementing the model-based nonlinear control,
described in the following sections. Given the
omnidirectional spherical behavior of the robot, it is
convenient to express the equations of motion using
quaternionsq = [qq, 41, q2, 3], refer to (Nikravesh
et al., 1985). Consequently, the rotation matrix R}
from the body frame {b} to the inertial frame {n}
(East-North-Up, ENU) is defined as function of
quaternions. Being w = [wx, Wy, wZ]T the body
angular velocity expressed in the inertial reference

frame, the body’s rotational kinematics is described
using quaternions as well through the transformation

matrix E, ie. q = %E (@)w. The absolute angular
velocity @, of the r-th rotor comprises two
components: the relative rotation of the electric motor
érl. oriented along the unit vector é’;i of each rotating

frame {r;} and the angular velocity component of the
drone w (see Figure 2 for further details), leading to:

wri = R‘g(q)R%(gT,)é‘rlé’;L tw= 9.7'{32[ + ZETq (1)

Where €,, = RﬁiE;i now indicates the direction of the
action unit vector of the motor's relative rotation,
expressed in reference frame {n}. The rotation matrix
R’r’i allows transformation from the rotating rotor

reference frame {r;} to the body reference frame {b}
and is defined by an XYZ rotation sequence er’l. =
R, (a))R,(B)R,(6;,), with the constant parameters
a; e f; describing the specific mounting orientation
of the individual stator 7;.

From the outset, we choose to divide the vector of
generalized coordinates into two parts, namely the
body and the rotors, as we intend to use only the body
dynamics, while still including the gyroscopic effects
arising from the rotor dynamics. The differential
equations of the dynamic model are derived using the
Euler-Lagrange formulation with the wvector of
generalized coordinatesn = [n,,n,]7 . Here, 0, =
[x,V,2, 40,91, 92, 93] " is associated to the rigid body
dynamics, including the coordinates r = [x y z]T of
the center of mass G and the orientation described by
quaternions. The rotor rotation coordinates are

collected inn, = [6r1: ...,HTN]T. The kinetic energy
T and potential energy U of the body and the N-rotors
1; are:
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where m and I, are respectively the mass and inertia
matrix of the robot, including the spherical shell,
frame, stator part of the electric motors, onboard
electronics and batteries; m, and I, are the mass and
inertia matrix of the rotor part of the electric motors,
including the propeller; g=[00g]" is the
gravitational acceleration vector; r,, =1+ R{,‘d’r’i
represents the position of the center of mass of the
rotating parts, with dlr’i the fixed geometric
arrangement vector of the i-th rotor relative to the
barycenter G, expressed in the body frame {b}.

The Lagrangian £ is defined as the difference
between the kinetic and potential energy of the
system L=T—U, and is associated with the
problem's constraint conditions. For this reason, the
extended Lagrangian £*, which includes holonomic
constraints, is introduced:

COaAO=Lmn0+ ) Aah®) 4

where the Lagrange multipliers 4, are associated
with the constraint equations ,(n,t) =0. It is
important to note that, when representing the motion
of a rigid body in 3D-space using quaternions, a
holonomic constraint must be introduced to ensure
the quaternion unit norm condition:

Y, =llqll—-1=0 (5)
In rolling mode, an additional holonomic constraint is

required to express the contact with a support plane,
assumed in this case to be horizontal:

Y =z-R=0 (6)
Proceeding with the Euler-Lagrange formulation,
the following differential equations are obtained:

d(aﬁ) oL 0y, Y,

a\on) “om T TR tT
dzl[)q -0 dzlpc -0 (7)
dt? T dt?

Where 7 is the vector of generalized forces acting on
the robot, detailed in the following paragraph. The
first system equation (7) can be rearranged in the
classic form, comprising the mass matrix M(n), the
Coriolis matrix € (1, 1), the gravitational force vector
{(m), and the matrix W(n) associated to the vector of
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Lagrange multipliers A4 = [Aq,/lc]-r for the
corresponding holonomic constraints:

M@+ Cmn+3m =PaTA+1 (8

The first seven rows of equation (8) describe the rigid
body dynamics, while the remaining rows pertain to
the rotor dynamics. The vector T expresses the
generalized forces acting on the robot, coming from:
the thrust forces f,, = friézl- generated by propellers
along their respective axes of rotation; the contact
forces f. generated by the rolling surface and the
spherical shell through the contact point C (see Figure
2); the aerodynamic resistance torques from the
propellers  t,, = triézi and the torques from the
electric motors &, = tmiézi . In our case, the
contribution produced by aerodynamic drag force
acting on the sphere is neglected because of the low
operating translational speed. Due to the typically
high values of the rotors, around tens of thousands of
RPM, the body is significantly influenced by the
Coriolis terms associated to 7,-. In contrast, the
rotors’ dynamics is not directly affected by Coriolis
terms and is typically faster than the body's dynamics
because of a shorter transient time. To develop a
model suitable for the controller, we streamline the
system by substituting 1j,., obtained from the last
eight rows of equation (8), into the first rows related
to body dynamics. In the end, the new compact
system model, along with the corresponding
constraint equations, takes the form:

My, + €.ty + Cootl, + ¢, = w“l + 25 bt
on, oan, ©)
d*Py d*pe 0
dez Todez T
with M, =M,, —M,,M;;M,, . The remaining

forces and torques include those generated by contact
interactions and by the electromotive torques &, :

=[5 E@ < £)T] (10)

N
e
i=1

= N
ZEZ (dy, X kty, — ty,)
i=1

In fact, experimental bench tests show a linear
relationship f., = kt,,, between the thrust forces of
the rotors and their electromotive torque through a
constant parameter k (as further explained in Section
4.2). The contact force vector f. is simply the
tangential friction force, directed along the velocity of
the contact point 7, and defined as:

fe= u(o) Ac (12)

(11)

Il c”

Where the Lagrange multiplier A, represents the
normal reaction force of the plane, while the friction
coefficient u is selected as a nonlinear function of the
relative slip ¢ = ||| given by u(o) = u, tanh(ea),
with u; the dynamic friction coefficient and € a
smoothing coefficient.

When the drone is in flight, the governing
equation (9) is simplified by removing the contact
constraint 1. with the corresponding Lagrange
multiplier A, and the vector of contact interaction ..
Finally, the set of second-order differential equations
describing the robot’s motion in rolling and flight
modes can be reduced to affine first-order systems to
optimally utilize the FLOP control algorithm
described in the next section. Defining the state vector

as x =[085, [ 4,dt, [ A.dt]" € RIS for the
rolling mode and x = [n], ﬁ;,flth]T € R*> for
the flying mode, we have:

x=¢(x9)+ Dt (13)

Where ¢, = [tml, ety ...,tmN]T collects the
rotors’ electromotive torques and is considered the
control action of our system. Here, ¢(x, 1'1r)
highlights the parametric dependence on the motor
RPMs, appropriately estimated from the commands
sent to the electric motor controllers.

= 4\ .‘
N\ &}@“ _______
‘ ,/A\'

& Y/

Figure 2: Model of the flying-rolling sphere, showing the
inertial coordinate system {x,y,z} translated in G; the

. . . . -2
sphere velocity vectors 7, w; the i-th rotor axis €,' along
with its relative velocity 6, ; the contact point velocity #;
and the contact, thrust and gravity forces.

4 CONTROL SYSTEM DESIGN

The control architecture designed for the autonomous
navigation of the drone is illustrated in Figure 3. The
flight operator can plan a trajectory x(t), that
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Figure 3: Architecture of the Control System designed for the spherical drone, which receives as input the target trajectory to
be followed and the virtualized onboard sensor data and gives as output the PWM signal to the virtual model.

includes both flight segments and rolling segments.
The control system receives this trajectory and
onboard sensor data as inputs and outputs PWM
commands to the electric motors controllers. The
control system consists of five sequential blocks: (i)
the State Estimator assesses the drone's position,
orientation, and translational and rotational
velocities; (ii) the Decision System and Contact
Detection determines whether the drone is in flight,
rolling, landing, or take-off phases; (iii) the FLOP
Control Algorithm calculates the desired "fictitious"
force and torque actions needed to follow the
trajectory; (iv) the Constrained Control Allocation
Algorithm converts the desired actions into physical
actions, specifically the rotors’ electromotive torques
tm;» while respecting actuators limits; (v) the Motor
Commands maps the electromotive torques to
commands for the ESCs. To test and tune the control
system, we developed a virtual reference model that
simulates the dynamics in a multibody environment.

In the State Estimator block, the drone's state
estimation is achieved by properly processing data
from the sensors. Specifically, the system's
orientation is estimated using accelerometer,
gyroscope, and magnetometer data from the IMU
platform, implementing filtering and data fusion
techniques typical of the Attitude and Heading
Reference System (AHRS) To enhance the position
and velocity estimates, a Kalman filter was
implemented, integrating accelerometer data and
GPS data from an RTK (Real-Time Kinematic) dual-
antenna system, which provides centimeter-level
accuracy with an update frequency of 10 Hz.

The Decision System, based on onboard sensor
measurements and the output from the Contact
Detection System, determines the operating state of
the drone, such as being in free flight or in rolling
contact. The Contact Detection System analyzes the
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vertical acceleration data provided by the IMU and
compares it with the acceleration predicted by both
the rolling contact model (9) and the associated free-
flight model. The system then identifies the state
based on which predicted acceleration value is closest
to the measured data and select the corresponding
model to employ in the control algorithm. A properly
defined moving average filter helps the evaluation
system to reduce false positives caused by noisy
measurements and potential signal oscillations.

4.1 Nonlinear FLOP Control

The control system designed for guiding and
controlling the drone is a nonlinear control type
known as FLOP (Pepe et al, 2018). Instead of
directly providing the N electromotive torques t,,; as
control variables, this system uses seven fictitious
actions u = [uy, ..., u;]". These actions include three
translational forces along the drone's body axes xyz
and four pseudo-torque actions affecting the
orientation described by quaternions. This approach
allows for the subsequent resolution of a control
allocation problem for the electromotive torque
variables, taking into account the actual constraints
that exist. This process is explained in more detail in
the following section. As illustrated in (Pepe et al.,
2018), the FLOP technique utilizes an affine
reference dynamic model of the type (13), linear in u,
to provide an approximate solution to the optimal
local control problem of a constrained minimization
problem of the form:

T1 1
minJ:f —(x—x7)"Q(x —x7) + =u'Ru dt
u 0 2 2

(14)

Subject to: x=¢(x)+Bu
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The control vector u is premultiplied by the input
matrix B, properly derived by introducing the
fictitious actions in our model. The solution provided
by the FLOP technique yields an explicit feedback
control formulated as:

apT 1

-1
w=r8[2® _ _1] Q" (x - x) + B[, — b)) (15)

ax At

Here, Q and R are matrices containing the control
tuning gains, At is a positive control parameter, and
the symbol 4 denotes the pseudo-inverse of matrix B.

4.2 Constrained Control Allocation
and Motor Command

To determine the necessary electromotive torques for
controlling the drone, a constrained allocation
problem is solved, which involves a linear
programming problem outlined as follows:

min y, [|Bu — Dt |I* + x.llt,, — €11
m

(16)

Subject to: tn <|tp| <t,,

The goal is to minimize the sum of two terms, each
weighted by a scaling factor, y;. The first term, the
most critical, requires that the electromotive torques
t,, multiplied by the associated Jacobian matrix D
closely match the "fictitious" components u
suggested by the FLOP through B. The second term
ensures that the new t,, is as close as possible to the
t;, determined in the previous time step to obtain a
smoother control action. Moreover, the minimization
problem (16) is constrained by the hard limits that the
electromotive torques t,, must be within the actual
maximum and minimum values, denoted by t,,, and
t.., representing the lower and upper boundaries,
respectively.

Finally, the Motor Command block is responsible
for mapping the electromotive torques from the
Constrained Control Allocation to the corresponding
PWM commands to be sent to the ESCs, defined here
in percentage terms. Based on the hypothesis
described in (Brescianini & D’Andrea, 2018), the
PWM signal can be expressed as a polynomial
function of the electromotive torque, defining the
conversion map:

PWM; = city, + ¢, “tmi| . sign(tmi) +c3 17

Using a load cell, a series of experimental
measurements were conducted directly on the motor-
propeller assembly to determine the operating points
related to thrust force and transmitted torque. The
conversion map was then analytically calculated by

determining the values of c¢; =218.98 Nm,c, =
41.96V/Nm and c;=50 through a least-squares
problem. Additionally, the coefficient k = 131.14
introduced in (11) was evaluated.

S NUMERICAL SIMULATION

The system was tested using numerical simulations in
the Simscape multibody environment within
MATLAB & Simulink, serving as a tool for design
support and verification of the control system. The
virtual model comprises a multibody setup with 14-
degree-of-freedom, six for the sphere and eight for the
rotors, and with specific modifications that introduce
misalignments compared to the model used in the
control algorithm. This testing and validation
approach allowed us to assess the robustness of the
algorithm under the following conditions: uncertainty
in the system's mass and inertia of about 5%; actual
electromotive torques with a random variation of
around 10%; thrust forces and aerodynamic torques
on the blades misaligned by up to 10%; contact
dynamics calculated using the penalty method, where
the normal force f, and tangential friction force f,
are modelled differently:

LT
fn = [OJOrfn] ’ ft - ”i,C”#fn

kb +c6 620,620 (18)
=9y ko §=0,6<0
0 5§<0

where § = R — z is the virtual penetration of the
sphere into the plane, kg and ¢ are the contact
stiffness and damping, respectively, and the friction
coefficient u is defined as a piecewise linear function
of the slip. The virtualization of the sensors was
implemented by introducing noise signals into the
state measured from the virtual system to emulate the
real onboard sensors of the Pixhawk 6X.

The numerical simulations include three types of
tests: flight mode control, ground rolling mode
control, and a mixed mode with landing and take-off.

5.1 Flying Mode Test

The first test was conducted to verify the drone's
performance in flight mode, independently
controlling its position and orientation along a
predetermined trajectory. The drone was tasked with
following a helical trajectory with a oscillation period
of 10 s, while maintaining a constant arbitrary angular
velocity w;. The simulation results, shown in Figure
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4 demonstrate that the robot can follow the assigned
trajectory well, both in position and orientation, with
a settling position error less than 0.3 m despite
starting from an initial condition different from the
trajectory's start point.

— = — - Reference position Sy
Tracked position

Attitude

Time [s]

Figure 4: Flying mode test results, showing the position
trajectory in 3D view (a) and the attitude via quaternion (b).

5.2 Rolling Mode Test

A second simulation was conducted to assess the
performance of ground rolling mobility. In this case,

the robot was subjected to a hard maneuvering test
under low-traction conditions, simulating an icy
surface with a dynamic friction coefficient of 0.1.

Additionally, the control system was assumed to be
unaware of the actual traction conditions, considering
a dynamic friction coefficient of 0.5 into (12). This
allows to test the system's robustness under
unexpected slippery conditions. The target trajectory
involved a sharp curve of radius 0.5 m, to be
navigated at a speed of 2 m/s. The results shown in
Figure 5 indicate that the maximum deviation from
the target was about 20 cm, considered satisfactory
given the challenging conditions of the test.

1F

— — — - Reference

§0A5 [ Tracked trajectol T
ok ]
Figure 5: Tracked trajectory in rolling mode.

5.3 Mixed Mode
The final test evaluated the drone's ability to

transition between flight and rolling modes. The robot

— — — -Reference
Tracked trajectory
T

Fermma
I
I
I
27
-12gH
€3
o8
g2
E
5
-

A
?

N
S

12 14 16 18
Time [s]

Figure 6: Results of the simulation in mixed mode, showing the behavior of the spherical drone during the three phases of

landing, rolling on ground and take-off.
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was tasked with three phases: landing, rolling, and
take-off, while maintain a constant target speed X of
0.5 m/s (Figure 6Figure 6). During landing and take-
off, a controlled vertical speed zZ of 0.3 m/s was
required at specific key times. Before landing, the
control system did not have information about the
contact plane's location and imposed a constant
descent speed, until the Decision and Contact
Detection system identified contact around the 4th
second mark, and promptly switched to rolling
control. Due to the low speed of impact, there was no
noticeable bounce, and the motors were managed by
the controller to achieve the desired rolling motion,
resulting in a significant drop in the required power.
At the 16th second mark, the take-off phase was
initiated and the Contact Detection system, unaware
of the take-off command, automatically recognized
the new flight state and subsequently enabled the free
flight control, where the orientation became stable
again and the required power increased accordingly.

6 CONCLUSIONS

This study presents a comprehensive approach to the
design and control of a flying-rolling spherical drone.
The key contributions include the development of a
nonlinear control system, referred to as FLOP, which
effectively manages the drone’s complex dynamics in
both aerial and ground-based operations. The control
architecture integrates state estimation, decision-
making, and force allocation to achieve precise
control in varying operational modes, including
flight, rolling, landing, and take-off. Numerical
simulations validated the proposed control methods,
demonstrating the drone's ability to follow planned
trajectories and maintain stability under different
conditions. Future work involves applying the FLOP
algorithm to the newly constructed prototype and
conducting experimental tests to validate its
performance and robustness in real-world scenarios.
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