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Abstract—In this work, we design and model a new hybrid
aerial-ground mobility system for extreme terrains referred to
as Rollocopter. The platform uses common multi-rotor pro-
pellers enclosed in a spherical shell to produce the necessary
forces to roll on the ground and fly. The proposed platform
is able to achieve (a) multi-modal locomotion (fly and roll) for
increased energy efficiency, (b) collision resiliency due to its
impact-resistant structure, and (c) high-level of controllability
due to three-dimensional actuation. This work focuses on the
preliminary design trade-offs, analysis and feasibility assess-
ment of the platform. First, a dynamic model of the robot that
considers interaction with the ground is developed. Second,
a control architecture for flying and rolling is proposed and
evaluated in simulation. Finally, a discussion on the energy
efficiency of the flying and rolling mobility modes via leveraging
a derived dynamic model of the power consumption is provided.
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1. INTRODUCTION

Over the past years, Micro Aerial Vehicles (MAVs) have
been increasingly considered for various applications, rang-
ing from search and rescue [1]], [2]], agriculture 3] or aerial
deliveries [4], [5]. Recently, thanks to their relatively simple
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Figure 1: Left: Rollocopter concept art, including propellers,
electronics (gray box) and the impact-resilient cage. Middle:
hexacopter configuration of the propellers. Right: A Rollo-
copter prototype. The spherical cage allows to roll on flat
terrains and to be impact-resistant, while the configuration of
the propellers guarantees actuation in any direction.

mechanical design and availability of components, MAVs are
also gaining interest for space applications, focused on the
exploration of space bodies with an atmosphere [6], [7], [8].
However, the deployment of small multi-rotorcrafts in the
real-world application is still limited. This limitation is due to
challenges in expanding the autonomy in terms of range and
ability to interact and traverse different environments.

Autonomy of MAVs, in terms of flight time or distance,
is constrained by the aerodynamics of flight itself and the
required energy for constantly defeating gravity. These
limitations are usually overcome via mechanical improve-
ments [9]], designing platforms with optimized weight, or
by deploying hybrid solutions such as Vertical Take-Off and
Landing (VTOL) robots [10] or platforms capable of flying
and rolling [11]. The ability to negotiate obstacles and
difficult terrains, instead, is usually addressed by designing
platforms equipped with a protective cage or shell which
shields the fragile propellers and electronics from unexpected
impacts with the environment [[11], [[12f]. Increased autonomy
in terms of possibilities of interaction with the environment
is typically achieved by equipping the robots with dexterous
manipulators [[13]], or by designing novel omni-directional
copters that can fly with any desired attitude [[14]], [|15].



Figure 2: Artist’s representation of the Shapeshifter
platform self-assembling to the Rollocopter shape. The
Shapeshifter is a multi-modal and multi-agent platform for
the exploration of planets and their moons with an atmo-
sphere, such as Titan.

In this work, we propose a novel rotorcraft (see Figure [I)),
referred to as Rollocopter that is able to (a) extend its max-
imum range by choosing to fly or roll on the ground, (b)
withstand small impacts/contacts with the environments, and
(c) produce force and torque in any direction, allowing it
to fly with arbitrary attitude. The design of the Rollocopter
is based on a set of six reversible propellers, in co-planar
pairs, placed along three orthogonal axes. The placement
of the propellers allows producing forces and torques in any
direction, enabling it to fly at any attitude and to produce the
necessary torques for rolling. The propellers are enclosed in
a spherical shell that allows for airflow while protecting the
propellers, batteries, and on-board electronics from impacts
with the ground and the surrounding environment.

The objective of this paper is to present an initial trade-off
study and feasibility analysis for the hardware implemen-
tation of the platform. We start by deriving the dynamics
model of the robot taking into account the different mobility
modes and capturing interaction with the ground. Then,
we evaluate the ability to produce torque and forces in any
direction. Second, we derive a control strategy for the flying
and rolling mode. Finally, we present a comparison of the
power requirement for rolling and flying, illustrating the
increased range capability of the hybrid mobility system.

This work also paves the way for the next generation of
modular UAVs, offering an alternative approach to the rolling
mobility of the Shapeshifter conceptual platform []], where
a spherical rolling/flying shell consists of multiple self-
assembling agents, with different propeller placements (Fig-
ure

Outline The remainder of this paper is organized as follows:
Section [2] describes the system and the derivation of a dy-
namics model which takes into account the rolling and flying
mode. Section [3| presents a control strategy to track a desired
position and attitude. Section[d]provides an energy efficiency
analysis that compares the power consumption of the rolling
and flying modes. We present the results in Section [5] and
discuss the future work and concluding remarks in Section [6]

2. SYSTEM DESCRIPTION AND DYNAMICS
MODEL

In this section, we present the Rollocopter design and derive
a dynamics model for the rolling and flying mobility modes
of the platform, taking into account the terramechanics of the
rolling platform.

System Description: The six-degrees of freedom Rollo-
copter is comprised of a spherical cage that encloses a set
of propellers, electronics, and a battery (Figure [I). In this
work, we focus on a six propeller variant (hexacopter) of the
Rollocopter. The hexacopter is fixed to the outer shell and
the whole system translates/rotates together. The proposed
configuration of the propellers enables actuation of all six
degrees of freedom, while allowing for energy-saving rolling
mobility mode.

Notation Declaration: I,, and 0,,«,,, respectively, denote
a n-by-n identity matrix and a n-by-m matrix of zeros.
Throughout the paper, vectors and matrices are distinguished
by bold-face variables.

Coordinate Systems: In this work we define a body-fixed
frame By (£-n-¢) and an inertial frame Iy (X-Y-Z), shown
in Figure 3] It is assumed that the body reference frame is
centered in the Center of Mass (CoM) of the Rollocopter
(same as the geometrical center).

Actuation System: The actuation system (shown in Figure[3)
consists of a set of six reversible and fixed-pitch propellers
that are distributed within the outer shell. The propellers have
a fixed orientation with respect to the body-frame B (£-1-C).
While the mass of the motors is included in the dynamics
calculations, the propellers are assumed to be massless. Ig-
noring the propeller mass and the induced-velocity effects
and viscous drag, the force f},, and torque 7, generated by
the ¢-th propeller are:

fpi = kiwgsiv 77p¢ = i)l.fpz (1)
k; and w; are the force constant and magnitude of the angular
velocity of the i-th propeller. The term s; € R? represents a
unit vector normal to the propeller’s disk (see Figure [3) and
p; € R? denotes the vector connecting the center of mass of
the vehicle to the ¢-th propeller. The “~” sign on p, repre-
sents the skew-symmetric matrix operator corresponding to
the vector cross product (p, f, = p; X fp,) where

B 0 —Piz pzy
P = Piz 0 ~Pig 2)
_piy Piz 0

Drag Force: An analytical model is used to calculate the
array of aerodynamic drag force/torque as:

ga=[f1.m5]"

1 —
fd = _§ﬁdenCdAd||vf||2uvf’ Uvy = UfHUfH 1’

Nag = 0351 3)

where Cy is the drag coefficient, pge,, is the air density, Ay
is the cross-sectional area of the Rollocopter, and vy is the
relative airstream velocity.

Thruster Allocation: With control signal defined as u =

[w?, w3, ... Wi " the aggregated force and torque applied
to the system are found using Eq.]T]



Figure 3: Rigid body diagram of the proposed Rollocopter
design. For clarity, the protective shell is not shown. The
point P represents the center of mass of the robot, while C
the contact point with the terrain. [ is the inertial reference
frame.
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Matrix T € R®* is a function of propellers’ relative position
p;, orientation s; with respect to body-frame By, and the
force constant k (assuming k; is same for all propellers).
In order to find the rank of the matrix 7', the unit vector
normal to each propeller’s disk, s;, is shown in Figure|3| The
distance from the center of mass, P, to the center of each
propeller is I2,,. Consequently, the matrix T" for the proposed
configuration shown in Figure 3| can be simplified into

o 0o 0 0 -1 1
1 -1 0 0 0 0
0 0 1 -1 0 0
T=klo o R, R, 0 0| ©
0o 0 0 0 -R, -R,
R, R, 0 0 0 0

where the i-th column in the matrix 7" corresponds to the -
th propeller (see propellers labels in Figure [3)). For a fully
controllable vehicle, which could generate force and torque in
any direction, the rank of the matrix T" should be at least six.
With the proposed configuration of the propellers, the matrix
T is full rank and hence the vehicle is fully controllable.

Equations of Motion: To compute the dynamics model of
the robot, we express the equations of motion of the vehicle,
subject to a set of kinematic constraints ¢ = 0, using
Newton-Euler approach:
M 03><3 ".;P —MGgravity | _
[ogxg J et &Fo | =9at9pt0ge
(6)

where, m and M = mls, respectively, denote the
Rollocopter’s mass and mass matrix. The term rp =
[P4ps Typs T2p ]| L represents the location of the center of mass
and w 1s the angular velocity vector defined in the inertial
frame I;. The moment of inertia and the gravity vector are

respectively denoted by J and ggrquity € R3. The terms gy,

gy, and g. respectively represent the RS*! arrays of drag,
propellers, and constraints forces/torque. When the vehicle is
flying (no kinematic constraint), J is zero, otherwise ¢ is one.
Lagrangian Dynamics Equations: To develop the set of
kinematic constraints applied to the system ¢,, the points
P and C are defined as shown in Figure Point P is
located at the center of mass of the vehicle and vector ro =
[PacsTyesToc]t connects the origin to the contact point of
the vehicle and the ground (it should be mentioned that the
point C' is defined on the ground not on the body). It is
assumed that the terrain which the vehicle rolls on is defined
as Q(rc,yc,2c) = 2¢ + H(zc,yc) = 0. Q and H are
smooth continuous functions.The set of kinematic constraints
applied to the system ¢, are written as:

¢1_3=1p —7rc — RVQ = 0351 @)
VO
VO = %
O= vl
¢y =w(rp —rc) —7Tp =035 (8)

where Eq.[7]is the position loop relating rp to r¢. The term
R denotes the radius of the sphere. The gradient of the terrain
(a column vector € R?) and its normalized vector are denoted
with V@ and V(@ , respectively. The nonholonomic rolling
constraints are provided in Eq. To transfer the Newton-
Euler dynamics equation provided in Eq. |6 to the Lagrange
equations [16]], the dependent coordinates need to be removed
from the equations of motion. By taking derivative of Eq.[7]
and rewriting Eq. [8] the kinematic constraints at the velocity
level can be represented as

ip =7c + RVQ ©)
’I.‘p :(:J(’I‘p—'l"c) (10)

Using Eq.[9] the vector 7 p can be represented in terms of 7*c:
or vice versa using transformation matrix S

rp = STc
S =[Is+ RJI(VQ)] (11)

where the term J(VQ) € R3*3 denotes the Jacobian of the
vector VQ where

(12)

It can be observed that presenting 7*p in terms of 7¢ will
significantly reduce the complexity of the dynamics equa-
tions, since the inverse of the transformation matrix S will
be highly nonlinear. The kinematic relation between r p and
T at the acceleration level can be found by taking the first
time derivative of Eq.[T]]

ip = Sitc + Sic (13)
By substituting Eq.[7]into Eq.[T0] one can rewrite Eq.[I0]as

7p = &(RVQ) (14)

After relating the position (Eq. EP), velocity (Eq. [0), and
acceleration (Eq. of the points P and C, the next step in
finding Lagrange equation is to remove the array of unknown
constraint force g. from the dynamics equations provided in



Eq.[6] Using the nonholonomic constraint equation Eq. [T4]

the array of velocity g = [#*p, w]’ can be written in terms of
the array of angular velocity w as

[E’] — Bow, By = {—f}SVQ} (15)

By left multiplying the matrix B € R3*6 to the equations
of motions provided in Eq. [6] we can project the dynamics
equation onto the space of admissible motion and eliminate
the array of unknown constraint force dg. [[16]. By combin-
ing Eqs. @and the equations of motion in the Lagrange’s
form can be found after some simplification as
M 0 .
o {03x3 ?:IX?)} Bow = Bg (ga + gp)

wJw 0

T | —MYGgravit T M
_BO[ o y}_B |:03><3 J

03“} Bow (16)

Given the terrain model Q(z¢,yc, 2¢), we rely on Eq.
for simulating the robot dynamics. However, when dealing
with unknown terrains, we need to estimate the friction force
of the terrain. This friction term will be used in the dynamics
modeling in Eq. E]and as a feed-forward term in our controller
(to be discussed 1n the next section).

Friction Modeling: A friction model, designed for optimal
control and real-time dynamic applications, is introduced by
Brown and McPhee [17]]. In their work, a continuous friction
model is defined as a function of relative contact velocity.
This model captures the main velocity dependent characteris-
tics of friction: the Stribeck effect and viscous friction. Micro
displacement and other additional phenomena of friction such
as time dependence of friction are not modeled to avoid the
complexity of the model. The magnitude of the friction force
(the direction is the opposite of the velocity vector at the
contact point), using the model discussed in Brown et al. [17],
can be expressed as

[£7]l = fapatanh(dov; ') + ppvtanh(4f, fr')

—1
v,

(%(vv;1)2 +.75)2

+ fultts — pa) (17)

where all the parameters used in the above equation are scalar.
The term f,, is the normal force, f,; is the transition force, p,
1q, and p, are the coefficients of static, dynamic, and viscous
friction, respectively. The parameter v is the magnitude of
the relative velocity at the contact point of the Rollocopter
with the ground, v; is the transition speed coefficient. The
three summands in Eq. demonstrate the contributions
of dynamic, static, and viscous friction, respectively. This
model is continuities and differentiable. Therefore, it is well-
suited to optimal control, or multi-body simulations. The
reader can refer to work by Brown and McPhee [17] for more
details about evaluating the parameters used in Eq.

3. CONTROL STRATEGY

In this section, we discuss a control framework for the
Rollocopter. The configuration of the six propellers in the
Rollocopter design is capable of providing force and torque in
any direction (Figure[I)) and allows for separation of position
and attitude control in flight mode. Leveraging this separa-
tion, we compute the propellers’ desired force (fp) to follow

a desired position via constructing a feedback linearization
based controller [[18]]. To find the desired propellers’ torque
(np), we rely on a nonlinear quaternion-based attitude control
approach provided in [19]. After finding f, and 7, the
angular velocity of each propeller is calculated using Eq. []
Figure {4{depicts the overall control scheme.

Position Control

To develop the position controller, we first extract the trans-
lational equations of motion from Eq. (6)

Mrp = —MyGgravity + fp + fd +6f0
.fc:fcn+ff (18)

where J is zero when the vehicle is flying and is one when the
vehicle is on the ground. First, we detail the position control
strategy developed for the case in which the robot is rolling.

Rolling Mode: The array of constraint forces f. in Eq.[18]is
comprised of two terms. The array of the normal reaction
force of the ground f., and friction force f; (which is
estimated in Eq. [T7). In order to eliminate the effects of the
unknown normal reaction force f.,, the Eq.[18|is projected
onto the space of admissible translational motion using pro-
jection matrix By € R3*2, where matrix B projects any
column vector € R? onto the tangent plane created by vectors
(Stan, and Sian, shownin Figure@. By defining the terrain
on which the vehicle rolls on as z¢ = H(z¢, yc), we follow
[16] to find the matrix B; expressed as

B, = [Vljo} (19)

By left multiplying the matrix B to Eq.|18|and considering

the fact that BlT fen = 0, the modified equation of motion
can be expressed as

BT Mip = BT (—mggravity + fo + fa+ ff)  (20)

Defining the prescribed position vector as 7 p4(t), the track-
ing error at the position level is expressed as

e(t) = ’I“pd(t) — ’I”p(t) (21)

Following the work in [[18]], the desired propellers’ force
generated by the position controller for the rolling mode is

t
Fo =M(ipat) + Ko 6(t)+ Kype(t)+ K / e(t)
0
+MGgravity — .ff - fd; (22)

Substituting this total force into Eq.|20} the closed-loop trans-
lational dynamic equation of the system can be simplified to

BIM |é(t) + K, é(t) + Kpe(t) + KI/Ote(t)} =0 (23)

where K, K, and K are diagonal gain matrices. It can
be shown that the system’s closed-loop equation (Eq. [23)
is asymptotically stable and satisfies the Lyapunov stability
conditions as long as the gain matrices are positive definite
matrices [[18], [20].

Flying Mode: When Rollocopter is flying there is no contact
between the shell and the surface. Consequently, the array
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Figure 4: Control scheme used to control the rolling and
flying motion of the Rollocopter.
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of constraint forces f. is zero. Therefore, the translational
equations of motion provided in Eq.[T§]can be expressed as:

M7y = —MGgravity + fp + fd (24)

The desired propellers’ force f, generated by the position
controller for the flying mode is defined as

£o = M |ia(t) + Koé(t) + Kpe(t) + K, / te(t)}
0

+ mggravity — .fd (25)

by substituting f,, in Eq. 24} the closed-loop translational
dynamics equations for flying can be evaluated as

() + K,é(t) + Kpe(t) + K; /t e(t)=0 (26
0

This system is asymptotically stable as long as the gain
matrices K, K, and K are positive definite.

Attitude Control

Flying Mode: For attitude control in flying mode, we rely on
a quaternion-based approach proposed in [21].

Rolling Mode: The same attitude control approach used for
flying can be used in the rolling case. In this case, the torque
applied to the system caused by the friction force defined in
Eq.|l7|can be treated as an external disturbance. After evalu-
ating the required propeller torque 7, for attitude control and
the required propeller force f, for position control (Eq.
for rolling or Eq. 25| for flying), the angular velocity of eac
propeller w; can be calculated using Eq. 4]

4. POWER CONSUMPTION ANALYSIS

One of the main advantages of using Rollocopter is its ability
to roll/slip on the ground in order to reduce energy consump-
tion. This section provides an analysis of the energy usage of
the system in both aerial and terrestrial modes.

Rolling Energetics: To analyze the energetics, without loss
of generality, we write the dynamics equation for a general
two-dimensional case using Lagrange equations. Then, the
required force is calculated for a rolling case, where Rollo-
copter is rolling with a constant linear velocity of v on a flat
surface (and along a straight line) with zero slope.

The Lagrange equation is written as

d oL, oL, 9¢
a(@) - (qu) =Qqg + A(aqk) 27
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Figure 5: (a) Rollocopter rolling on the top edge of the
cone (with the £ axis pointing at the vertex of the cone), (b)
Position and attitude tracking error, (c) Controller input, (d)
Required power

Symbol ‘ Meaning ‘ Value
(1 | Power consumption coeff. | 1.0 WN 2
B2 | Power consumption coeff. | 0.1 WN I
R Rollocopter’s radius. 0.25m
m Rollocopter’s mass. 1.0 kg

Table 1: Relevant model parameters for the Rollocopter, used
for the simulation results of the energy-efficiency analysis
and the controller validation.

where gy, is the generalized coordinate, L is the Lagrangian,
¢ is the rolling constraint, A is the Lagrange multiplier cor-
responding to the rolling constraint, and ()4, is the external
force fp. Using Eq. the required propeller force to
achieve the desired rolling speed, vy, is

1
fp=—Ffa=5paenCaAal|vy] Py, (28)

Flying Energetics: When flying along a straight line (zero
slope) with a constant linear velocity of v, the magnitude of
the propellers force f, can be calculated as

1_
1 foll = \/(Zpdencdz‘ldl|vf||2)2 + (mllggraviy|)* (29)

Power consumption: The power consumption of the i-th
propeller P; is modeled similar to [[11] as

Py = Bull fp. |1 + Ball £, 30)

with propeller-specific constants 31 and fs.

5. SIMULATION RESULTS

In this section, the simulation results for dynamics and con-
trol of the vehicle is provided in addition to an energy com-
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Figure 6: Required rolling force vs. flying force

parison between rolling and flying. The model parameters
used for the simulated results are collected in Table [1l

Dynamics and Control: A tracking problem is defined,
where the Rollocopter needs to move along a circle in 3D
(Figure [5a) with a linear velocity of 1 m/s. While tracking
the circle, the axis £ (of the body frame B) needs to point at
the vertex of the cone. The control algorithm developed for
the flying mode in Section3]is used and the simulation results
are provided. Figure|Sb|shows the position error and the angle
component of the attitude tracking error quaternion ge,yo, (in
radian). Denoting the desired quaternion as ¢4 and the vehicle
quaternion with g,, the attitude tracking error is defined as
Qerror = G, ! qq. It can be observed that after approximately
four seconds the position and attitude error converges to zero.
Figure [5c| shows the exerted propeller force f, (in Newton)
and torque 7,, (in Newton Meter) over time (the values of

7, and n,, are negligible).

Energy Analysis: Equations 28] and [29] are used to evaluate
the required force for flying and rolling on a straight line
with zero slope. The required power at different speeds is
evaluated using Eq. [30]and shown in Figure[5d] As observed
in the figure, flying consumes a significantly higher power,
specifically at low speeds, compared to rolling. Figure [§]
demonstrates the required propeller force at different speeds
and slope angles. Where the slope angle is measured from
the horizon. It can be observed that the required force for
rolling is smaller than the flying forces. The advantage of
rolling over flying decreases as the translational velocity or
slope increases and the forces become equal when the slope
is 90. It needs to be mentioned that rolling will become more
challenging as the terrain transfers from a smooth plane into
a rough or uneven one. More detail on the energy analysis
and path planning for uneven surfaces will be provided in
forthcoming research.

6. CONCLUSION AND FUTURE WORK

In this work, the design and modeling of a new hybrid aerial-
ground mobility system for extreme terrains referred to as
Rollocopter was provided. The main features of the proposed
mobility system are its energy-efficiency, collision resiliency,
and precise controllability. A dynamics model that considers
the terramechanics of the vehicle is introduced as well as a
hybrid control algorithm for rolling and flying mode. It was
shown that the Rolling mode could significantly improve the

efficiency of the vehicle specifically on low speeds.

Future Work

Terramechanics: During the terrestrial experiments of Rol-
locopter in different mediums, friction forces had a great
impact on the system dynamics. Therefore, an accurate
terramechanics model is important for precise modeling.
Authors are currently working on online adaptation to terrain
parameters.

Energy Saving With Locking Control: The discussed vari-
ant of the Rollocopter system encloses a hexacopter which is
fixed to the outer shell. In an enhanced variant of Rollocopter,
we connect the hexacopter to the outer shell via bearing (see
Figure [T) that can be locked and unlocked. This will change
the dynamics of the system and essentially affect the required
force/power to roll on the ground.
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