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Abstract—In this paper, we introduce PADUAYV, a novel 5-
DOF aerial platform designed to overcome the limitations of
traditional tiltrotor vehicles. PADUAV features a unique me-
chanical design that incorporates two off-the-shelf quadrotors
passively articulated to a rigid frame. This innovation enables
free pitch rotation without mechanical constraints like cable
winding, significantly enhancing its capabilities for various
tasks. To control PADUAV’s 5 degrees of freedom, we propose
a versatile and straightforward 5-DOF geometric tracking
control strategy that generates 2D force and 3D torque. A
decomposition approach is designed to distribute the output
to the torque and thrust commands for each subplane, with
no need for complex optimization. We validate our approach
through three simulation experiments conducted in the Gazebo
environment, leveraging the utilities provided by the RotorS
simulator. These experiments not only demonstrate the feasi-
bility of our platform but also provide new perspectives for
future aerial platform development, particularly in terms of
simulation-based approaches.

[. INTRODUCTION

With the rapid development of unmanned aerial vehicles
(UAVs), researchers are no longer confined to investigating
perceptual functions such as surveillance and SLAM (Simul-
taneous Localization and Mapping). The vast potential of
aerial task dealing is being actively explored [1]-[7]. Exam-
ples include aerial additive manufacturing robots capable of
3D printing in midair [8] and the M4 multimodal robot that
transforms its wheels into thrusters to perform high-altitude
rescue [9].

In recent years, an array of novel platforms has emerged
within the field of aerial robotics. To perform aerial grasp-
ing tasks, some platforms are designed with large shapes
to accommodate the weight of manipulators [10]. Others
integrate multiple UAVs to execute cable-suspended aerial
transportation missions [11]-[13]. Aerial tasks encompass
far more than mere grasping and transport [14], [15]. It is
increasingly likely that aerial robots will supplant humans in
performing intricate operations within inaccessible, irregular,
or hazardous environments. Such demands underscore the
need for platform flexibility. To overcome the movement lim-
itations of traditional UAVs, the addition of actuators is often
considered to create more flexible 5- and 6-DOF platforms,
which are more capable of performing aerial manipulation
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Fig. 1.

Prototype of the proposed PADUAV platform.

tasks [16]-[21]. In the review [22], aerial manipulation is
categorized into four workspaces based on tool placement:
underside, upperside, lateral side, and further down side.

However, with 5- and 6-DOF platforms, this problem
could become platform-oriented so that the installation place
of the tools does not matter in finding the workspace. This
work aims to enlarge the aerial manipulation scope by
addressing common challenges encountered by tilting aerial
platforms. The primary challenge lies in the mechanical do-
main. Despite the 6-DOF capabilities of Voliro [23], enabled
by servo motors that support 720° rotor rotation, limitations
arise due to the winding of thrust motor cables around
the arms, restricting rotation to specific angular positions.
This limitation is not unique to Voliro but is shared by
other aerial vehicles employing servo motors for tilting,
such as [24]-[26]. Additionally, tilted drones with fixed
rotors, like the cube-like vehicle in [27] and Odar in [28],
achieve 6-DOF but face the challenge of rotor reversing as
they pass through singular postures. This necessitates the
development of complex algorithms to mitigate the adverse
effects of rotor reversing, posing engineering difficulties.
Modular quadrotor platforms like SmQ and S2Q utilize
two or three quadrotors connected to the platform via ball
joints, offering simpler designs [29], [30]. However, their
rotational motion remains confined to a limited range. The
over-actuated multi-rotor aerial vehicle proposed by Tsao et
al. is able to complete 360° rotation [31]-[33]. However, as
an over-actuated platform, their proposed gimbal structure
remains complex, and their work does not include an analysis
of quadrotor dynamics.

In light of these limitations, we introduce PADUAYV, a 5-
DOF platform actuated by two quadrotors that are passively
articulated to a rigid frame. This platform can perform
independent movements in five directions, including trans-
lation in three directions and rotation in two directions. The
contributions of this work are summarized as follows:

e The designed PADUAV successfully overcomes the
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cable winding issue that limits free pitch rotation.
additionally, it has a simpler structure, can be actuated
by a five-dimensional wrench, and is capable of full
rotation without additional actuators. To the best of our
knowledge, this makes it the first aerial platform with
all these features.

o Unlike previous research, the closed-form system dy-
namics is established taking into account the quadrotor
dynamics. The dynamics are further decoupled for the
purpose of control design. Our proposed control frame-
work includes a modified geometric controller and an
output decomposition approach, offering a simple yet
versatile method for generating 5-DOF control outputs.

o Three Gazebo-based simulation experiments, utilizing
the plugins provided by RotorS, are conducted, rep-
resenting a noteworthy contribution in the field of
visually-assisted controller design and tuning for novel
aerial platforms.

II. MECHANICAL DESIGN AND MODELING
A. Mechanical Design

The proposed PADUAV is a platform actuated by two
off-the-shelf quadrotors, which will be referred to as ’sub-
planes’ in subsequent sections. These subplanes are passively
articulated to a rigid frame composed of transverse and
longitudinal carbon fiber tubes connected by six T-shaped
tube clamps. At the geometric center of the platform, a stack
of carbon fiber disks, referred to as the center, accommodates
the onboard computer, flight controller, GPS, battery, and any
necessary operation tools.

As shown in Fig. 2, two bearing seats are designed to form
the revolute joints that enable the subplanes to rotate around
the side longitudinal tubes. A notable distinction between
our tilting platform and others is our utilization of complete
quadrotors, which possess intrinsic torque and thrust gener-
ation capabilities to achieve tilting, unlike platforms relying
on servos to drive rotors.

Note that the two subplanes and the center stack receive
power independently, and there are no power wires con-
necting the center and the subplanes. As long as the com-
munication between the subplane flight controller and the
onboard computer is wireless, there will be no wiring issue
limiting the tilting angle as encountered in [24], [26]. This is
technically feasible in that previously mentioned works have
implemented reliable wireless communication between the
host computer and multiple UAVs, for example, [30] uses
XBee communication and [11] uses Wi-Fi communication.

B. Dynamics Modeling

The coordinate system is established as shown in Fig. 2.
The Earth frame {E'} follows the East-North-Up (ENU) con-
vention, while the body frame {B} is fixed at the center of
the main body. The subplane body frames are labeled as {51 }
and {S,}. For each subplane (i = 1,2), F; € R3 represents
thrust and 7; € R? denotes torque. In the S; frames, there
are 9iF; = [0,0, F;,]T and Sir; = 1,4, Tiy, 7i2]T . Throughout
the paper, subscript ¢ will be used to refer to the subplane for

zs,

{81}
X zs,
50 51

Fig. 2. Cross-sectional diagram of the platform for a better illustration
of its mechanical characteristics. The earth, body, and subplane coordinate
systems are defined. The enlarged view of the articulation joint is given in
the left CAD model. Two pairs of bearings are installed at the sides of a
subplane so that it can rotate relatively to the fixed tubes.

brevity. Also, the coordinate systems will not be explicitly
specified when performing vector operations.

The system motion is composed of three parts, namely the
translation of the system center of mass(COM), the rotation
of the system’s main body, and the axial rotation of the
subplanes relative to the main body.

Let Zp, = [z,9, 2]T € R? denote the main body position
expressed in {E'}. The main body attitude is represented
by Ry, € SO(3). Given that the entire system resembles a
floating-base manipulator, with each subplane acting as a
link, we introduce r = [B1, 32]T € R? as the joint angles be-
tween the subplane and the main body. This choice simplifies
the derivation of dynamic equations using the Newton-Euler
approach. Consequently, the configuration of the system can
be expressed as H = (Fpy, Ry, 7) € R? x SO(3) x R2.
The system’s velocity is given by ¢ = [BuyPwy;r] €
R® xR2, where [Bv,;Bwy) represents the body velocity of the
middle platform. The selected system configuration variables
correspond to the three sub-motions mentioned above.

The acceleration of the body frame origin Op, a;, consists
of the tangential acceleration ¥ and the normal acceleration
wp X vp as given in (1). Then, forward iteration is performed
to derive the subplane accelerations and angular velocities.

ap = Vp + wp X Up (1)
a; = ap + Wy X Pei +wp X (W X Pei) 2
w; = wp + Biys, 3)

where p.; = OgOgi, ys, is the unit vector of frame {S;}.
Assume the masses of subplane ¢ and the main body
are m; and my, the inertia of the subplane is J; =
diag([Jiza, Jiyy, Jiz=]), and that of the main body is Jp.
Additionally, g represents gravitational acceleration. The
joint torques and forces of the subplanes are given by:

Wi + w; X Jjw; 4)
fi =mia; —mig 4)

n; =

Note that (4) also represents subplane dynamics. Due to
the existence of revolute joints, there will be no torque
interaction between the subplanes and the main body in their
relative rotation. The torque components n1,ys, and nayys,
will be removed when computing the body torque 7. The
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backward iteration is given as:

myg + f1+ f2 (6)
= Jpp + wp X (Jpwp) +n1 — nayys,

Fy = mpap —

+ N2 — NayYs, + DPe1 X f1 +Ppea X fo @

The system dynamics can thus be established as:
M(r)¢ +C(r.¢) + G(r, By) = P ®)
Here, B, = [BF,;Bryiniy;ng,] € RS, and M(r) €

RE*8 C(r,¢) € R8, and G(r, R,) € R® are the mass matrix,
centrifugal and Coriolis vector, and gravity vector. And 7, is
mapped from real inputs by force and torque equivalence:

F,=h+F 9
Tp = T1 + T2 — T1y¥s, — Toy¥Ys, + De1 X F1 + pe2 X F
Ny = Tiy

Since the subplane thrusts F; and F3 both lie in {20z} p
plane, there are BF, = [PF,.,0,8F,.]7 and Br, =
[B1y 0, By, B1p, 2|7, indicating that the platform has five
degrees of freedom.

C. Dynamics Decoupling

As previously mentioned, the system motion is composed
of three sub-motions. It is natural that we want to design
three controllers for each sub-motion. To eliminate the
complicated loop interactions between the controllers, it is
necessary to decouple them so that a change in one process
variable will not cause corresponding changes in other pro-
cess variables. Since the subsequent controller design will
be model-based, the current dynamics should be decoupled
into three sets of independent equations. For a specific
sub-motion, the expected decoupled dynamics will exclude
variables irrelevant to it.

1) Decouple the Translation Motion from General Rota-
tions: Define the dynamics responsible for translation motion
as ’locked system” and the dynamics responsible for general
rotations as “’shape system”, their equivalent inputs are 77,
and 7g respectively. The COM position and velocity are
denoted as py, and vy. By adopting the approach proposed
in [34], the system dynamics in (8) can be decoupled as:

Epp =Fup,
locked system ) (10)
mpFo, —mpFg="Fry,
c=0of
shape system ) (11)
{ME(T)M +Cp(r,p) ="1p
where my, := my + m1 + me > 0 is the total mass, g =

0,0,-9.81]7, p = [Puy; 7], 0 = (Ry,7) € SO(3) x R?
and ofi = (RfBuwy,7). In the shape system, Mg(r) €
R5*5 Cp(r,pu) € RS are the mass matrix, centrifugal and
Coriolis vector.

It can be found that there are no translation-related vari-
ables like linear velocities in the shape system dynamics,
and no rotation-related variables like angular velocities in
the locked system dynamics either, which means the first
stage decoupling is finished.

In fact, by observing the internal structure of the dynamics
(8), we find that if the masses of the subplanes are equal and
the distances of their COMs to the center are equal, then the
first three rows of (8) will be equivalent to the locked system
dynamics (10) and the last five rows will be equivalent to the
shape system dynamics (11). This indicates that the proposed
mechanical design will lead to intrinsic decoupled features
of the two types of motion under ideal circumstances.

2) Decouple the Main Body Rotation and Subplane Axial
Rotation: From (3), we have:

iy = gy + Bi (12)

wiy =
Let A = [S1wyy, 92ws, )7, and then the term Mp(r)f in the

shape system dynamics can be rewritten as follows:

MET(T)B“.JI)" Mp,(r)Puy,
ME(T),u = ley(SIU:)by + ﬁl) = leyilwly
Jny(SQ(,:}by + 52) J2yy 2Way 3
_ |:ME7‘(T) Osw} |:Wb] (13)
02><3 Myy A
=My (r)

where Mg, (r) € R3*3, M, = diag(Jiyy, Joyy). Mp(r)
and Cg(r, 1) possess the following structures:

ME(r) = {(]\)4'"68 ?\2“]
2%x3 Yy (14)
2 [ Mizz(Bi) Osxa
+ Zi:l(‘]”/’x Jzzz) |: 02><3 O2><2
CE (Ta N) = CE (Ta Bwbv T)
_ [CresPes )+22J Ciy(Bi, Bi, Buy) (15)
02><1 1Yiyy “Yiy\Pis Piy
+ Eizl(Jizm - zZZ) wcz(ﬁu ﬁm )

The subscript ,.s implies the meaning of residue, which
is used to indicate the remaining term after decoupling as
shown later.

It is seen that if ||J;zs — Jizz|| = 0 and J;y,, = 0, then the
wp-dynamics and )\-dynamics are completely decoupled from
each other. In this case, rewriting P75 = [P1p .58 75 4, €
R? x R2, the decoupled &j-dynamics and A-dynamics is
summarized as follows:

Mrestb + Cres(Bwb)
My, A =5
The actual system may not satisfy the condition ||J;;, —
Jizz|| = 0 and J;y,,, = 0. However, with small ||J;z5 — J;22]|

and J;y,, the actual system can be regarded as a perturbed
system expressed by (16).

B
= TE,res

(16)
TE,yy

III. CONTROLLER DESIGN

In this section, we’ll establish three sub-controllers based
on the decoupled dynamics outlined in Section II-C. These
sub-controllers will be linked together using intermediary
modules to create the overall controller, enabling stable
tracking of motion in the x, y, z, yaw, and pitch directions
for our PADUAV platform. Refer to Fig. 3 for an illustration
of the control process.
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Fig. 3. Schematic diagram of the proposed control framework. It consists
of a general 5-DOF geometric tracking control stage and a specific output
decomposition stage.

A. 5-DOF Geometric Tracking Control

To enable 6-DOF maneuverability, we propose a 5-DOF
geometric tracking control strategy based on the classic ge-
ometric tracking controller [35]. It consists of two cascaded
sub-controller modules to achieve independent tracking of
the translational motion and rotational motion. An additional
module that generates the desired force and attitude is
introduced to address the underactuation property of the
platform. We stress the number of DOFs to show that this
module group produces a 5-DOF output.

1) Position and Attitude Control: We define the following
tracking errors: e; = Tgep —
€r = %(RgRsen - R’Eean)va € = Wsen — Rgeanwd’
where subscript 4., and denotes sensor values, subscript .o,
denotes the external command, and subscript 4 denotes the
internal desired value passed from the upstream module.

Based on the decoupled dynamics (10) and (16), the
position and attitude tracking control laws are expressed as:

= m(_kxem - kvev + jcom + ged)

 fa
BTd = MTES(—k‘ReR - k‘wew) + Cres(wsen)

where k., k,, kr and k., are positive constant gains. The
commanded force is expressed in the earth frame {E}. The
desired torque is expressed in the body frame {B}.

2) Desired Attitude Generation: In Section III, ZXY
Euler angles are introduced to describe the rotation charac-
teristics of both the platform and the subplane. To distinguish
these angles from the traditional ZYX convention, the su-
perscript © will be added to the ZXY Euler angles. Then,
the main body attitude can be expressed as:

LTecoms €v = VUsen — Lcoms

a7

Ry = R. (1) Ra(04) 1Ry (6) (18)
The subplane attitude can be expressed as:
Ry = RbRy(ﬁi) = Rz(wlly)Rw(dy)Rv(ell; + B:) (19)

= R.(v}) Ra () Ry (0))

It can be seen that the subplane and the main body share

a common yaw(¢;) and roll(¢;) rotation. We introduce an

intermediate frame { M} that locates its origin at Op, and its

attitude is given by R, = R.(v})R4(#}). Note that plane
(zOz)ps and plane (zOz)p are the same.

Since the system can only generate force in plane (x02) g,

the desired attitude should also include the desired force

fa

ZM  zZp

M
(x0z) gplane at the com=xp
desired attitude

Fig. 4. Tllustration of the introduced intermediate frame {M} and its
relation with { B}. The desired attitude should include the commanded force
within its (zOz) g plane.

in its (xOz)p plane. The commanded attitude R, can
be decomposed as Reom = Rz(qpcom)Ry(ecom)' Similar
to the approach proposed in [35], we makeEthe following
definitions: by1g = R, (Ycom)e1, bog := %, and
bsq = big X bag, then the desired attitudes for frame {M}

and frame {B} will be expressed as:

Ram = [b1d, b2d, b3a), Ri = RamRy(0com)

And w, can be obtained by wy = R;{Rd, where the symbol
A denotes the 3d-vector-to-skew-matrix operation.

This guarantees that the desired force will lie in the plane
(xOz)p of Ry. See Fig. 4. In frame {M }, the axial rotation
of subplanes can be described by the pitch angle 6}, while in
frame { B} the joint angle 3; is needed. However, joint angles
are related to both main body pitch angle ¢; and subplane
pitch angle 6, which does not meet previous requirements of
decoupling. Therefore, for the subsequent control of subplane
axial rotation, the variable to be tracked is chosen as 91’-. In
addition, this angle also indicates the direction of the thrust
that a subplane generates inside the plane (xOz) g, thus it is
reasonable to express the commanded force in frame {M } as
MF, = [MF,.;0;™F, ] so that it can be mapped to the real
thrusts while the desired value of 8, can also be interpreted.

(20)

B. Output Decomposition

Let u, = [N[Fd7x,MFd7Z,BTd,x,BTdvy,BTdJ]T S R5,
and this output of the 5-DOF geometric tracking control
strategy should be decomposed to the real input w; =
[Fiz, Tizs Tiy, Tiz) . € R* for the subplane to execute. Note
that if ¢ is small enough compared to € and v, we have R =
R.(Y)Ry(0)Re(9) = R.()Ry(0) = R.(4)Rs(0)Ry(0)
then there are #' =~ # and v’ ~ 1. Since the proposed
platform is not intended for aggressive flight maneuvers, we
can safely assume that 6; = 60 and 0 = 6.

1) Order Reduction Mapping: Define the intermediate
value ¢/, := atan2(MF, ,,M F, .), which is the desired ZXY
pitch angle for the two subplanes. By value binding, we let
Tle = Tog = Tiz, T1z = T2, = Ti,. Similar to (9), the desired
torque 7;, and 7;,, and the desired thrust Fi, and F5, can
be determined by solving the below equations:

MF, & 0, 0, 1

MFd,z = 00& 09& |:F1z:| 201
Td,y —cB1aPer  cBaabe2 >

Bras _ | (cBra+cB2a)/2  (sPra+ sP2a)/2]| |Tia

Bry. —(8B1da +5B24)/2  (cBia + cBaa)/2] |Ti-
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99,99

where 814 = fBoq = 0, — 0} ~ 0/, — 0, and ¢’ and ’s” are
shorthand notations for cos and sin, respectively.

2) Subplane Axial Rotation Tracking: The values of 7y
and 79, will be determined by introducing an axial rotation
tracking controller, where 6/, serves as the reference input.
The justification of this design is explained in Section III-
A.2. Tracking errors are given by: ey, = 0; — 0 ~ 0; —

o e = 0, — 0/, where 6 = Siw;,. The control law is then
given as:

Tiy = —kg;@g; — ke-{ee-,_ (22)

The calculated torque and thrusts commands will then be sent
to each subplane and allocated to the rotor velocities. The
physical signals will act on the plant to enable maneuvers
according to the internal system dynamics.

C. Stability Analysis

Considering the nominal dynamics, the closed-loop system
can be represented in the following format:

(éRv ew) :fl (eRa €wy Cry er)
(éra éT) :f2(€r, ér)

where e, = r — g4 is the tracking error of the joint position.
From the controller design, the first system in (23) is expo-
nentially stable at the origin if (e, ¢,.) = 0, while the second
system in (23) is also exponentially stable. Consequently,
we can conclude that the entire system described by (23) is
exponentially stable at the origin.

Taking into account the nonlinear terms in the actual
system, (23) transforms into:

(23)

(éR’ ew) = fl (6R7 €w, Er, 6r)+
0
_]u-res (BTE,res - CTE?S) + (A[Tes + A]\/[)ilBTEmes"'

Myes + AM)"H(=Ces — ACy — AC
(Myes + AM)I( L~ AC) o1

; 0

(ér,6:) = faler,ér) + { _Acg(owo,n 7) }

where AC; is composed of the first three rows of
Y2 JiyyCiy(Bi, Biswp), ACo is composed of the first
three rows of X2, (J;zr — JiZZ)C’mZ(ﬂi,Bi,wb), and ACs
is composed of the last three rows of E?zl(Jim —
Jizz)Cizz(Bis Bl-,wb). It can be observed that the nonlinear
terms C', AC1, AC5, and AC3 can be interpreted as satisfy-
ing a linear growth bound:||AC: || < v1||(wo, )|, |AC: || <
71l wos P, IACs]| < 71 | (wo, 7, where 41, 72, and 4 are
positive constants.

This leads us to the conclusion that the entire closed-
loop system described by (24) is exponentially stable in a
region containing the origin, if the controller parameters are
appropriately selected. It should be noted that the basin of
attraction is influenced by the parameters J, and J, — J,.
The smaller of these two parameters results in a larger ~1,
~v2 and 73, consequently leading to an expanded basin of
attraction. This insight can serve as a guiding principle for
the structural design criteria of our proposed system.

IV. SIMULATION EXPERIMENT

The proposed control strategy is tested and verified in the
Gazebo simulation environment based on the utilities and
plugins provided by RotorS, a popular MAV simulator [36].

A. Simulation Setup

1) Model Design: The PADUAV Gazebo model is created
by integrating the ’Ardrone” model provided by RotorS with
a custom frame model defined in URDF (Unified Robot
Description Format) syntax, as depicted in Fig. 5. The frame
is constructed using five tubes and a center stack, modeled as
cylinder basic elements in Gazebo. These elements are prop-
erly configured with coordinated and fixed joint relationships.
Geometric parameters are chosen to match the subplane size,
while other parameters adhere to engineering standards. Key
parameters are summarized in Table L.

2) Controller Software Framework: The simulated PAD-
UAV controller software framework is built on the ROS
(Robot Operating System) topic communication mechanism,
as illustrated in Fig. 6. To replicate real-world commu-
nication behavior, four nodes are utilized. The controller
node transmits torque and thrust commands to the subplane
nodes, which in turn compute motor speeds and relay
them to Gazebo. Concurrently, odometry sensors on both
the subplanes and the frame provide feedback to update
relevant state variables within the PADUAV controller. The
framework operates at 100 Hz.

Fig. 5.

Gazebo model of PADUAV platform.

TABLE I
PARAMETERS OF THE PADUAV GAZEBO MODEL.

Definition Symbol  Value in Sim.
Mass of Ardrone m; 1.52 kg

Inertia tensor of Ardrone J; 0.04, 0.05, 0.10 kg-m2
Rotor diagonal distance d, 0.36 m

Rotor radius Trotor 0.1 m

Length of the two long tubes liong 1m

Length of the three short tubes  lgport 0.5 m

Inner radius of the tubes T 0.014 m

Outer radius of the tubes To 0.015 m

Density of the carbon fiber P 1.086x 103kg/m3
Height of the center stack he 0.1 m

Radius of the center stack Te 0.075 m

Mass of the center stack Me 1.3 kg

Mass of the platform mp 1.6465 kg

B. Simulation Results

We conducted three experiments to demonstrate the ca-

pabilities of the PADUAV platform and its control strat-
egy. These experiments tracked variables denoted as ¢ =
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Fig. 7. Rectangular trajectory tracking results. The desired waypoints are
(0,2,1), (-2,2,1), (—2,0,1), and (0,0,1). The desired pitch and yaw
angles are g = 0° and 64 = 0°.

[x,y, 2,1y, 0", representing positions in meters and Euler
angles in degrees (with the range between [—180°,180°]).
Unless specified otherwise, all trajectories were planned
using third-order polynomials, with initial values set to gy =
[0,0,1,0,0]T.

1) Rectangular Trajectory Tracking: In this experiment,
the platform tracks a rectangular trajectory with each seg-
ment lasting 5 seconds. The tracking results in Fig. 7 show
that when the PADUAV moves along the y-axis, it exhibits a
roll behavior similar to a typical multirotor. However, when
the platform moves along the x-axis, it experiences minimal
pitch tilt, with more noticeable fluctuations in the subplane
pitch angle, demonstrating the translation regulation ability
of subplane axial rotation.

2) Continuous Rotation Tracking: This experiment tests
the platform’s pitch-tracking capability, while other desired
values remain the same as the initial settings. The trajectories
are depicted in Fig. 8, demonstrating that PADUAV can
perform continuous and stable pitch rotations without me-
chanical limitations or wiring issues, effectively connecting
the upper and lower workspaces.

3) Complex Maneuver Tracking: In this experiment, a
comprehensive tracking test of all variables is conducted to
simulate complex real-life flight tasks. The results, shown
in Fig. 9, illustrate successful simultaneous tracking of all
five variables. Notably, the z-axis direction transitioned from
upward to downward during the flight. This is significant in
that it indicates that the PADUAV platform is capable of
moving tools installed beneath the platform to the upper
workspace. Moreover, the shifting can happen when the
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Fig. 8. Continuous rotation tracking results. The platform initially performs
a clockwise 720° rotation and, after approximately 10 seconds, executes a
counterclockwise 720° rotation.
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Fig. 9. Complex maneuver tracking results. Over a duration of 7" = 20 s,
the platform is expected to execute a circular trajectory with a radius of rq =
2 m in both the z and y directions, described by z4(¢t) = 2005(2%15) -
rq and yq(t) = 2sin(2%t), while ascending by 1 m in the z-direction.
Additionally, it has to complete a 360° yaw rotation and perform a flip,
reaching 0, = 181° instead of 180° to avoid repeated jumps in the readout.

platform is tracking position and yaw commands, which
increases the autonomy of aerial platforms.

V. CONCLUSIONS

In summary, our work introduces the PADUAYV, a novel 5-
DOF aerial platform designed to overcome traditional tiltro-
tor limitations. This design eliminates the issues associated
with cable winding and opens up new possibilities for tasks
like “pick from below and install above” and side valve
opening. Also, this paper finds a fresh design perspective for
future platforms, that is, the workspace can be conceptually
connected and treated as a whole as long as the platform is
able to move the installed tools to any orientation. A control
framework is developed for PADUAV over its five degrees
of freedom. The simulations in the Gazebo environment,
utilizing the RotorS simulator, have verified the effectiveness
and stability of our control system. Future work includes
theoretical handling of singularities, hardware in the loop
(HITL) simulation, and real flight tests.
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