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Abstract

Employing aerial robots, acting as mobile airborne sensors, is extremely useful for many surveillance
and inspection missions. Due to the strict constraints of commonly available aerial platforms, most
aerial inspection missions are limited to distant perception of targets, without the possibility of coming
into centimeter-range proximity or even in physical contact with them. This thesis describes a Bimodal
aerial robot, consisting of a common quadrotor equipped with two passive wheels, that allows flying,
approaching, landing and moving on planar and inclined surfaces, suitable for micro-level inspection of
large areas. This work describes in detail the mathematical model of the passive two-wheeled quadrotor
for its different modes of operation: flight, ground and inclined surfaces. Furthermore, two different
motion controllers are proposed, for all three modes of locomotion, and their performance is evaluated
through a series of simulated experiments that make use of the hybrid characteristics of the vehicle.
Keywords: Aerial Robots, Hybrid Locomotion, Motion Control, Multi-Modality

1. Introduction

The use of micro aerial robots for autonomous in-
spection and surveillance tasks has grown signif-
icantly over the past decade. Aerial robots can
rapidly access target areas by flying over obstacles
or cluttered terrain and reach regions that are in-
accessible to humans or other ground robots. They
can provide an elevated and birds eye view sens-
ing of the environment and approach hard-to-reach
structures, while enhancing the efficiency and safety
of inspection missions. Inspection of solar panels
and photo-voltaic installations [1], inspection of an
industrial structure [2], detecting heat leakages in
buildings [3] and inspection of a vessel [4] are among
many foreseen applications for aerial robots.

While the benefits of aerial robots for distant in-
spection of infrastructures have been extensively
demonstrated [5], limited airborne solutions exist
that can perform such tasks in centimeter-range
proximity to structures, or even while in physical
contact with its surface. Remotely detected failures
by distant aerial robots always need to be examined
closely by the operators and often require additional
efforts to detect the type and source of the failures.
This is due to the strict limitations imposed by com-
mon aerial platforms, which are unable to get close
or even come into contact with structures without
the risk of collision and even crashing. They have
a very limited flight time due to the small battery

Figure 1: Prototype of the Bimodal aerial robot,
consisting of a quadrotor with two passive wheels.

size they can carry, and their operation can easily
be disrupted by disturbances such as wind [6]. An
effective approach for increasing the versatility of
an aerial robot, or any other robot in general, is to
provide it with additional modes of locomotion, to
obtain platforms that can adapt to different situa-
tions, moving in aerial, terrestrial or even aquatic
environments [7]. For instance, a robot that is able
to both fly and roll, can fly towards a structure,
land and move in its surface, reducing the energy
consumption and minimising the acoustic noise sig-
nature, to perform the most various of inspection
tasks.

The broader goal of this work is to design a simple
Bimodal aerial robot that can perform both macro
and micro-level inspection of structures. This the-



sis describes the effort towards designing a robot
which is capable of landing and moving in different
surfaces, while employing the same set of actuators
for all modes, and developing its fundamental con-
trol approach. Such robot is expected to enhance
the efficiency of many aerial inspection missions as
it can land or physically contact with the inspecting
surface, to obtain a stable inspection and increase
its operation time due to reduced consumption of
energy.

The outline of this paper is as follows: Section 2
provides a summary of previous work on the topic
of multi-modal aerial/ground robots. Section 3 de-
scribes the Bimodal robot system and provides the
mathematical model for different states of oper-
ation. Section 4 describes two control strategies
to control the motion of the robot. Section 5 de-
scribes the experiments and results, presenting the
behaviour of the system in its different modes of
operation.

2. Previous work

Over the past years, multi-modal robots with two
or more modes of locomotion have appeared in
the literature, in particular, vehicles with the abil-
ity to switch between aerial and terrestrial loco-
motion have received a great deal of attention as
they provide a good trade-off between energy con-
sumption and mobility. A straightforward approach
to obtain a multi-modal robot is to employ differ-
ent sets of actuation mechanisms for each mode of
locomotion. For example, in [8, 9], where a hy-
brid aerial/terrestrial robot is developed by equip-
ping a ground robot with four rotors. Such multi-
actuation solutions can demonstrate an effective
performance for all modes of operation, however,
result in expensive and heavy hardware, that have
poor energy efficiency due to the added weight.

Contrarily, in [7], an all-round two-wheeled
quadrotor was designed to work in air, land and
sea. It consists of an UAV with 2 rolling protec-
tive frames that also act as wheels. The robot has
an extra weight attached to it in order to keep the
balance in the event of a poor landing, which re-
duces the energy efficiency. Furthermore, in ground
mode, the controller does not account for the non-
holonomic nature of the system which can lead to
under-performance in several situations. Likewise,
in [10], a cylindrical cage is attached to a quadro-
tor through two revolute joints to allow aerial and
terrestrial movement.

At the same time, several studies have proposed
aerial robots capable of moving on vertical surfaces,
from flying robots that can perch onto walls us-
ing microspine technology [11], suction cups [12] or
dry-adhesive grippers [13], quadcopters that have
tilt-mechanisms allowing them to change the direc-

tion of their thrusters and attach to walls through a
normal force [14], to robots that can fly and perch
using a compliant, underactuated gripping mecha-
nism [15]. Such designs lead to slow locomotion on
vertical surfaces and implicate additional actuators
and mechanisms that increase the weight and com-
plexity.

Examples of other distinctive concepts include a
two-wheeled ground robot with a helicopter mech-
anism folded into its own body [16, 17, 18], a flying
robot that shares its structure for different modali-
ties, using its wings for both flying and walking [19]
or the ’DUCK?”, a quadrotor combined with passive
legs that uses its thrust for dynamic walking [20].
The design employed by [21] is also singular, for us-
ing skateboard steering truck wheels below two of
the rotors for turning, being successful in providing
a rolling mechanism in semi-smooth surfaces with-
out altering the avionics of the original quadrotor.

Finally, it is worth mentioning the efforts made
by Team CoSTAR from NASA Jet Propulsion Lab-
oratory [22] with its Nebula autonomy solution,
which address autonomous exploration of extreme
environments (for planetary exploration). While
this robot ecosystem is highly complex, it comprises
drones with hybrid rolling/flying mechanisms, such
as the Drivocopter [23], which is a quadcopter
UAYV with four spherical shells surrounding the pro-
pellers, that act as independent actuated wheels.
However, for the development of this work, their
most interesting design is presented in [24], where
a control scheme was developed for a passive two-
wheeled hybrid UAV. This work exploited the sim-
ilarity between differential flatness mappings of
quadrotors and non-holonomic vehicles, in order to
design a local planner that generates feasible tra-
jectories for both methods of mobility, using the
same representation. Nonetheless, the mathemat-
ical model of the robot is not given, nor the be-
haviour of the transition from one mode to the
other.

3. Robot
model

The Bimodal robot system, shown in Figure 1, is
composed of a common X-configuration quadrotor
attached to two passive all-round wheels through
an axle. Each wheel can rotate freely and indepen-
dently around its axis, and the center of mass of
the axle+wheels system coincides with the center
of mass of the quadrotor. This simple design allows
utilizing the same set of actuators for controlling
the robot motion in all modes of locomotion. On
top of the added mode of mobility, the wheels offer
all-round protection for the platform, ensuring that
the body and propellers of the quadrotor are well
protected against impacts and collisions.

When the robot is operating in the air, its dy-

description and mathematical



namics will follow the same model as that of a con-
ventional quadcopter [25, 26], with only increased
inertia values due to the addition of the wheels. The
dynamic models for when the robot is moving on the
ground and on an inclined surface are described in
the following subsections.

3.1. Ground model

When on ground, the motion of the robot will be
similar to that of a Unicycle, however, as the wheels
are passive, the robot movement relies on the thrust
generated by the propellers. Figure 2 shows a
schematic of the robot in ground mode, describing
an Inertial frame (Sy), a Body fixed reference frame
(Ss), and a Rolling frame (Sg) that is attached to
the centre of mass but with the z, — y, plane al-
ways parallel to the surface. The pose of the robot
is given by the displacement and rotation of Sp in
S]I

P= ($7y,2)7 P = (%9»1@» (1)

where @, 0,1 are the roll, pitch and yaw, respec-
tively (Euler angles).

v.cos(ip)

Figure 2: Model of Bimodal robot on a planar sur-
face.

In this mode, it is required that both wheels are
always kept on the ground, ensuring the robot only
moves on the 2D X-Y plane. Hence, the altitude
is kept constant at surface level, i.e, 2 = 0 = v,,
and the vertical thrust component imposed by the
rotors must be smaller than its weight:

|E cos(0)| < myg. (2)
Furthermore, it is assumed that the wheels roll on
the surface without slipping, resulting in the robots
velocities respecting the non-holonomic kinematics
imposed by the wheels:
zsin(v) — yeos(y) = 0. (3)
For this to be true, the robot must not experience
any roll movements:

p=¢=0. (4)

To generate motion, the vehicle needs to pitch
around the y,.-axis and have a thrust force satis-
fying constraint (2). The horizontal component of
the thrust makes the robot move on the plane with
velocity v, that can only have a component along
the x,- direction, while the torques produced by the
rotors will be responsible for the turning motion
around the z, direction. The forces acting on the
Rolling frame are:

F'sg —uN 0 v
0 [+ 0 +1 0 =m |0], (5)
Fey N —mg 0

from where the expression for the acceleration is

obtained,

b= Loy u. (6)
m
The Normal force is calculated with N = mg— Fcy,
w is the coefficient of friction (between the wheel
and the surface) and s, and ¢, represent sin(e) and
cos(e), respectively.

When moving on a horizontal plane, the robots
kinematics must follow the non-holonomic con-

straint (3), and can thus be formulated as follows:

(7)

whereas the rotational rates in S, w = (p, g, r), are
computed by taking into account the no-roll condi-
tion (4):

T = cy, Y =0 Sy,

(8)

The rate around x, compensates for the coupling
between the rotational directions and guarantees
that ¢ always remains zero. Hence, it is necessary
to control all three torques generated by the thrust,
T = (T4, T9, Ty ), Whose relationships with the angu-
lar accelerations are defined through:

p:_’w.sea q:07 r:r&c@-

I T,
.1y z Ty
p= I, qr + I’
. IZ_II To
,_Ixffy T
r= I, pq + I’

where I = diag(1I,,I,,I,) is the Inertial tensor.
Equations (6)-(9) represent the state-space

model of the robot in ground mode, which

is fully described by the state vector §;, =

(z,y,v,0,¢,p,q,7)7.

3.2. Inclined Surface Model

Although the previously defined robot model can
be a good approximation for surfaces with slight
inclinations, it will not be a suitable choice for larger
inclinations, such as when moving on the surface



of structures, as is the intended application of this
work.

Figure 3 illustrates the diagram of the robot
moving up a surface with an inclination angle of
v € ]0,5[. The following conditions are imposed
for this mode of navigation:

1. The inclination angle v and the orientation of

the slope relative to Sy, g, are known.

2. The robot will only move up and down the
slope without steering, i.e, (t) = 1.

The second condition is to ensure a safe navigation
along any type of slope, independently of its incli-
nation and friction properties. This is because the
design of the robot only allows the thrust force to
point in the direction of z,, meaning if the vehicle
steers to the left or right, there will be no thrust
component to move the system against the gravity
force (when ¢ — 19 = w/2). For this mode, the
constraints expressed by equations (3) and (4) will
remain unchanged, to ensure the wheels are kept
on the surface. To satisfy the new conditions, the
yaw rate must remain zero, ¢(t) = 0, and to avoid
take-off, constraint (2) must be re-formulated as

|EF cos(0 + 7)| < mg cos(y).

(10)

Figure 3: Model of Bimodal robot going up a slope.

Proceeding in a similar fashion as before, from
the balance of forces acting on the Rolling frame,

F s1+) —uN mg S~ v
0 +{ 0 |+ 0 =m [0], (11)
F cip4) N mg cy 0

we can formulate the expression for the acceleration

as
=L g8y — 12
v ms(0+7) qg S'Y ILLm, ( )

where the Normal force is N = mgc, — Fcggy).

The kinematics of the robot moving along the
slope direction respect the following expression:

T = veyey, U = VCy Sy, 2 =uvsy, (13)
and the rotational dynamics follow the same equa-
tions of ground mode, meaning that the state-space
model can be fully characterized by equations (8),
(9), (12) and (13). The robots state in inclined
mode can, however, be described by the simpli-
fied state vector & = (,y, z,v,0,¢)T and the slope

properties ¢ = (7, ¢).

4. Motion control system

Two different controllers were developed for the
robot, based on a cascaded architecture, where
an inner-loop regulates the attitude of the robot
(p,0,1), through the acting torques (7) and an
outer loop determines the necessary rotation angles,
that drive the position error to zero, and the thrust
force (F). For the three modalities of the robot,
two approaches were taken:

e A linear approach that employs a proportional,
integral and derivative controller (PID), to con-
trol the robot within a neighbourhood of its
equilibrium conditions;

e A non-linear strategy, that applies a dynamic
feedback linearization law (DFL) to the atti-
tude dynamics, for improved robustness and
agility;

Figure 4 shows the cascaded controller architec-
ture for surface locomotion. The position controller
is responsible for computing the reference pitch and
thrust force to move the vehicle from the current
position to the desired one. The yaw angle will
be computed so that the orientation of the vehicle
is aligned with the destination, for the case of flat
surfaces, and it will be a constant according to the
specifications of the inclination (¢), for the case of
inclined surfaces. The attitude controller regulates
the pitch and yaw references and ensures there are
no roll movements (p(t) = 0) and will be equal for
both flat and inclined surfaces. What follows is a
brief overview of each method, derived for the three
different modalities of the platform.

Cascaded Control

R

Position 0 ]
Controller Py Attitude R
. Controller L

k T Y, 3

Figure 4: Architecture of a Cascaded Controller for
both surface modes.



4.1. Cascaded PID Controller

As this controller is commonly described in the lit-
erature for in-flight quadrotors [25], description of
the flight-mode is omitted for the sake of brevity.
Derivation of the control equations for flat and in-
clined surfaces is reported below.

Assuming the rotational dynamics can be consid-
ered decoupled from one another, Iw = 7, which is
true for small pitch angles around the equilibrium
point, the attitude controller receives the reference
pitch and yaw and determines the necessary angular
accelerations on the Rolling frame:

t
Up = KE.eg+ K§.e —|—Ki./ ey dt,
9 9-€o 9-€o 0 | o (14)

Uy = K,.ey + K{i.e'w,
where eg and ey, are the smallest angular differences
between the desired and the current orientation and
K¢ are positive constant gains. In the body-frame,

the necessary torques to produce these angular ac-
celerations are given by:

To = —1I; Uysg,
T — Iy Ug7
Ty = Iz U¢Cg.

(15)

Ground Mode: The position controller for flat
surfaces considers a rotated version of the position
error, expressed in Sg, to compute a desired veloc-
ity, through a proportional control law, while re-
specting the non-holonomic nature of the robot,

vg = KP.ef, (16)

where ef! = ¢y (x4 — ) + s4(ya —y). Then, another

feedback loop determines the longitudinal accelera-
tion af for regulating the velocity error, e, = vq—v,
which is used to compute the reference pitch angle:

t
aﬁ::Kfef—%Kj:/wefﬁ, (17)
0
R
0a = sin ' (2L 04| < % (18)
where fj is a constant thrust force satisfying equa-

tion (2).

Conversely, the error along the y, direction con-
verges to zero when 1) — )4, as the orientation of
the wheels are aligned with the destination,

Vg = atan2(yq — y,rq — ) — kT, (19)

where term k is used to take into account the robot’s
ability to move forwards or backwards and to avoid
unnecessary turns:

if vg >0

0
k= . 20
{sign latan2(e], el)] ifvg <0 (20

Inclined Surface: The linear position controller
for moving on an inclined surface forces the robot’s
attitude to be in compliance with the inclined sur-
face, i.e, 04 = 5 —~ and ¢4 = 1o. In this state, the
thrust force vector is always parallel to the slopes di-
rection and the translational dynamics can be sim-
plified to v = % — g5, thus inverted to find the
necessary thrust that moves the robot up or down
the slope,

F=m(af+gs,). (21)

The desired acceleration, ag, is obtained from the
altitude error projected on the Rolling frame, eff =
(24 — 2)/s~, where z4 is the reference height (how
high on the surface the robot should move), through
two feedback control loops:

1. A PI controller to obtain vy from error e%;
2. A PID controller to control ag from error e,;

4.2. Dynamic Feedback Linearisation (DFL) Con-
trol

The linear approach considered in the previous Sec-
tion only allows for small rotations around the equi-
librium condition, which means it doesn’t take ad-
vantage of the full manoeuvrability the robot has
to offer. Alternatively, a feedback linearising con-
troller is proposed, that transforms the closed-loop
system into an equivalent, linear and controllable
one, under state transformation [27]. However, per-
forming an exact linearization on the ground dy-
namics would result in a singularity when the vehi-
cle is stopped (v = 0), which has been proven to be
structural for nonholonomic systems [28]. Instead
of using a full state feedback, a dynamic inversion
is used to control the attitude variables, while the
position is tracked by an outer loop, with the same
architecture as before (Figure 4).

Flight Mode - The output to be controlled is
the height and the attitude, n; = [z, ¢, 6, 1]T, which
can be differentiated twice so that the input u ap-
pears in a nonsingular way, resulting in

iy =[£8,0,0]" =1;(&) + Je(§) u, (22)
with:
e 9 0 0
0 1 Spte Coto
I, 1, I,
e Je(§) = 0 0 Co  _Se
LoLr
0 0 % o
4 lf1(€) =g
o 15,(§) = “Ear+ L eprs,te+ = pgc,to+

Pto(cpq — Spr) + 0.360(9)(5<pq +cpr)

_ I.—1T .
° lfg(g) = Izjylzprcw* T, ypqsga*cp(squrcWT)




a—1y

o 114(€) = Lpleprs,sec(0) + -
psec(8)(coq — ser) + étgsec(ﬂ) (8pq + cor)
o (&) = [lf1alf2alf3vlf4]T

Since the determinant of the decoupling matrix
J¢(€) is given by

pgcpsec(d) +

det(Jg) = —2

—° 2
ml 1,1, (23)

the matrix is invertible for all det(J¢) # 0 < ¢ #
+7%, which allows to formulate the expression for
the input commands as

ue = J 1) [95 — 1£(9)],

which yields the integrator chain ny = 97, that
is controllable [27]. Nonetheless, this controller
presents a singularity when ¢ = £5 or 0 = £7,
that must be taken into account.

The tracking component ¥ () is chosen as:

(24)

e =344+ kL (2g — 2) + k(24 — 2), (25a)
Vfy = Pa+ky(a— @)+ kQ(pa—¢),  (25b)
Vpg = 0q+kj(0a—0) + k(04— 0), (25¢)
Oy = Va + kjy(ha — ) + K (ha — ). (25d)
The outer layer is responsible for computing the

reference angles to stabilise the position, which can
be done by inverting the translational dynamics,

04 = arcsin[%(Uy.cw —Ug.sy)], (26a)

Oa = arcsin[%(Ux.cw + Uy.s9)], (26b)

©

where the desired accelerations are found with the
following PD control laws:

U,=KP.e, +K%¢,,
Uy = KP.ey + K¢,

(27a)
(27b)

Surface Mode - The output vector will con-
sist of the three attitude angles, 7, = [p,0,9]T,
where the roll angle is considered to find the in-
put values that guarantee there are no rotations
around axis z, (condition 4). This vector is dif-
ferentiated twice, until the input torques appear in
a non-singular way, i.e,

ﬁs = [907 év d)]T =l (f) + Js(§)~7-a (28)
where:
i (1) ;_i lsl(f)
hd Js(g) =10 I, 0 ’ ls(f) = 132(5) ’
0 0 ! Ls3(£)

o 151(&) = Lz qr + e pgty + qrsec?(0),

° 152(5) = Iz[;lzpra

o [:3(8) = %pqsec(@) + rtgsec(0).

Considering that the determinant of the decou-
pling matrix, det(Js) = 1/(IzIyI..cs), is non-
singular for all 6 # £7, it can be inverted to find
the dynamic compensator for surface mode,

7= J7H6).[95(6) — Ls(9)],

where the tracking component 5 is chosen by
adopting a polynomial control law, that takes into
account the imposed conditions (2)-(4) and is ro-
bust to disturbances in the roll direction:

D1 = kb (—¢) + ko (=),
Do = k(—0) + k§(04 — 0),
Dz = ki (—) + kG (Ya — ).

(29)

(30)

In this way, substituting (29) in (28) yields a closed-
loop integrator chain 75 = 95, which is guaranteed
to converge with the use of (30), except when the
state of the robot comes in proximity of the singular
point § = £7, which needs to be taken into account
by the outer layer.

Flat Surface - The remaining outputs can be
stabilised in a similar fashion as before, finding the
desired acceleration via position feedback and de-
termining the pitch angle with relationship (18),
however, allowing the reference angle to belong to a
larger subspace, |04 < 7/3. This avoids the singu-
larity but concedes extra agility to the robot. The
yaw reference is again found using equation (19).
Furthermore, a valve input control strategy is used
to regulate the thrust input when the pitch variable
gets saturated [29], allowing to increase the thrust
force when necessary but keeping it in its nominal
value, fy, for shorter movements.

Inclined Surface - The cascaded PID controller
for the inclined case relied on maintaining the ve-
hicle on a static pose, only increasing or decreasing
the thrust force to move up and down, respectively.
Here, a valve scheme will be applied instead, al-
lowing to regulate the pitch angle for the primary
control and the thrust force as a secondary control,
when the pitch gets saturated, as follows:

0, = sin~? [fm(af + g.s,y)] -, (31)
0
F = fo+ K/Aa+ K] A0 (32)
The thrust nominal value, f, = mg s, guaran-

tees the robot stays at equilibrium when stopped,
KJ K, g are positive constant gains and Aa, Af are
deviation variables, that represent the amount of
acceleration lost in the saturation process and are



thus defined according to:

aqg —ai*® ifag > al*" = % — .54
Aa=<¢0 if a" < aq < al!* ,
min : min __ fo
aq — ay if ag < af™™ = -2 —g.s,
max M maxr __ T
Gdfed 1f0d>9d =357

Af

0 if 93”" <Og <O
0q — eglm if 4 < Gzim‘n =0
(33)

The acceleration saturation values are defined to
avoid domain errors on the sin~! function and the
pitch saturation ensures the wheels stay in contact
with the surface, which could not be prevented if,
for example, the robot pitched in the direction op-
posite to the surface.

5. Experiments and results

A simulation environment was created using Ro-
torS Simulator [30], a well-known tool to assess the
behaviour of aerial robots in the ROS and Gazebo
ecosystem. The Bimodal robot was modelled in the
simulator, by equipping an X-configuration quadro-
tor with 2 passive wheels, allowing to test the pro-
posed controllers and evaluate the closed-loop re-
sponse of the system. The PID and DFL perfor-
mance was compared for the three modes of oper-
ation, through a series of step tests that allow to
compare the response time, the settling time and
the overshoot. These results are summarised in Ta-
ble 1, where an increase in efficiency when using
the feedback linearising controller is observed, as
expected.

Rise Time [s] Settling Time [s] Overshoot

PID DFL | PID DFL | PID DFL

a(t) 160 114 | 531 408 | 68%  0.6%

t 1. 1.19 5.3: 4.06 749 .609

Plight y(t) 70 9 | 533 06| 6.74%  0.60%

z(t) 0.78  0.68 2.56 111 8.7% 0.38%

P(t) 1.15  0.58 217 1.02 0% 0.4%

(t) 315 188 | 550 338 | 0.17% 0.03%
Ground

y(t) 3.25 2.14 6.70 5.08 0.77%  0.22%

) )(y=05) 162 112 | 452 234 | 232% 0%

Inclined

H(y=08) 143 162 | 1844 452 | 1L.68% 2.32%

Table 1: Step response characteristics of PID and
DFL controllers.

Videos from experiments comparing the con-
trollers performance for different modes of opera-
tion are available: Fight!, Ground?, Inclined® and
Hybrid*.

5.1. Flight Motion
Figure 5 shows the step response of the system in
flight mode, using the PID and the DFL controllers.

Thttps://youtu.be/eUILmzxTJdo
?https://youtu.be/6COnBPgDS3M
Shttps://youtu.be/yCOuWzZ5nCdo
4https://youtu.be/VIQzz-BB1Do

For both cases, it is possible to see that the altitude
and yaw responses are faster than the longitudinal
and lateral ones, consequence of having a cascaded
architecture in which position is dependent on the
stabilisation of the pitch and roll angles. As dis-
played in Table 1, the DFL controller eliminates
the overshoot seen with the linear approach, while
decreasing the time it takes for the system to con-
verge with the setpoint.

©
o

Figure 5: Step response of Flight controllers.

5.2. Ground Motion
For the case of rolling on the ground or on an hor-
izontal plane, a natural increase in the response
times is observed, given the constraints that moving
on a surface implies, as discussed in Section 3.1.
As shown in Figure 6, a step in the X-direction is
faster than a step on the Y-direction, because the
latter implies a yaw rotation, to align the orienta-
tion of the wheels with the desired waypoint. Since
the yaw dynamics are much slower than in flight
mode, due to interaction with the ground, the sys-
tem takes more time to converge. On the other
hand, assuming there is no friction in the wheels
joint, the pitch dynamics are as fast as in flight
mode, resulting in a similar response time for the
longitudinal direction.

Figure 6: Step response of Ground controllers.

5.3. Inclined Surface Motion

Figure 7 compares the response to a step input
in slopes with two different inclinations - the first
with v = 0.5rad, for which the controllers gains are
tuned, and the second with v = 0.8rad, while using


https://youtu.be/eUILmzxTJdo
https://youtu.be/6COnBPgDS3M
https://youtu.be/yC0uWZ5nCdo
https://youtu.be/VJQzz-BBlDo

Figure 7: Step response of Inclined controllers.

the gains of the first slope. What stands out from
these results is a clear distinction in performance in
the two surfaces, with the first presenting a much
better transient response, namely when using the
tuned PID controller.

Examining the closed-loop characteristics of the
response we see the PID controller, although pre-
senting a fairly good result for the first case, under-
performs when submitted to a different inclination,
taking 18 seconds to fall within 2% of the reference
value, presenting a highly oscillatory behaviour and
a large overshoot. This indicates a limitation of the
linear controller in inclined mode, which will have to
be tuned differently for different surfaces, to obtain
the best response. Nevertheless, the non-linear con-
troller is capable of complying with different speci-
fications and still present very good results, with a
steady and fast response in both situations.

5.4. Hybrid Waypoint Navigation

Together with the specified setpoint, the developed
planner also accepts mobility modes - flight, ground
or inclined - or it can receive a take-off or landing
command, to allow transition between flying and
moving on a surface:

e Take-off Command: Takes the robot from
the ground or from a slope to flight mode, ris-
ing vertically.

e Land Command: Smoothly descends the
robot until the planner detects it has landed
on a surface, as depicted in algorithm 1.

When the robot is landing, the planner enters
in an idle state until it detects a spike in the ac-
celerometer values. Afterwards, for a small time du-
ration, if the vehicle vertical velocity is bigger than
a threshold, the planner predicts that the robot has
landed on a slope, estimates the inclination angle
(using the longitudinal and vertical velocity values)
and activates the inclined controller automatically.
Otherwise, the ground controller is switched on.

Experiments were also performed to test com-
plete missions consisting of waypoints in all modes
of operation, which showed the success of the sys-
tem in navigating and switching between modes.
An example from a trial can be seen in Figure &,
where the robot starts in the world frame origin

Algorithm 1: Landing function

1 Landed = False
2 Time landed = 0
3 while Mode == Land do

4 Thrust = 0.95mg
5 if Landed == True then
6 while Time landed < Time treshold
do
if |vy| > 0 and v, < 0 then
Gamma = atan2(v,, vz)
Mode = Inclined
10 break
11 end
12 Time landed = Time landed + At
13 end
14 Mode = Ground
15 end
16 if a > a;n then
17 | Landed = True
18 else
19 | Landed = False
20 end
21 end

Takes-off and Flies to (2.5, 0, 3), then Lands,
detecting a flat surface, moves in Ground Mode
to (4, 0, 2) and climbs the Inclined Surface to
z = 3m. Afterwards, it Takes-off again and Flies
sideways to (6, 5, 4), lands again in the slope, turn-
ing on the inclined controller automatically. Finally,
it descends in Inclined Mode, rolls to (-6, 2, 0)
and returns to the origin in Ground Mode.

6. Conclusions

A Bimodal aerial robot capable of aerial and surface
locomotion was described, allowing rapid micro-
level inspection of flat and inclined surfaces. Con-
sisting of a common quadrotor attached to two pas-
sive wheels, the system results in a mechanically
simple and efficient solution that exploits the same
actuation mechanism for all modes of operation.
The mathematical models and two types of con-
trollers were derived and tested for different loco-
motion modes and their performance was compared
against each other. Results demonstrated the suc-
cess of the systems in controlling the motion of the
robot in different inclinations and full hybrid mis-
sions consisting of transitioning between modes of
operations were successfully tested in simulation.
Implementing the controllers on the developed pro-
totype of Figure 1 and developing and testing sur-
face inspection methods are some of the areas of
work to pursue in the future.
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Figure 8: Waypoint Navigation test using the DFL Controller in all 3 modes.
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