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ABSTRACT Buoyancy-aided unmanned aerial vehicle (UAV) has a powerful advantage in terms of flight
time and safety, compared to conventional multirotors. However, previously developed platforms showed
limited flight maneuverability (i.e. omnidirectional translation) and posture transition (i.e. omniorientational
rotation) owing to lack of number of actuators or limit of design specifications. As a solution, this study
presents a symmetric torus blimp, which is pierced in the middle of envelope and surrounded by four tiltable
actuator. All flight-aid electric parts are located in the center of the hole to match center of buoyancy
with center of mass. And four motors mounted along the edge of the hull can be tilted by each linked
servo. Owing to symmetric design and sufficient number and allocation of actuators, stable independent
omniorientational and omnidirectional motion during flight that standard blimp or multirotors hard to do
can be easily performed. This performance can be achieved by simple feedback control algorithm based
on aerodynamic model. Also, a novel control allocation based on a fully-actuated system is described for
independent orientation and position control. The result of various angle tracking orientation control and
stabilization control experiments performed are presented. In addition, omnidirectional control with manual
control keeping orientation independently is validated. Finally, narrow space passing and omnidirectional

wall interaction results are described to demonstrate the advantages of the specification of this platform.

INDEX TERMS Unmanned aerial vehicle, hellium-filled blimp, buoyancy, tilting actuator, soft drone.

I. INTRODUCTION

In the past decade, multirotor unmanned aerial vehicle
(UAV), commonly known as drone, have been extensively
researched and are being used in various industries, such
as hobby, agriculture, structure, rescue, filming, and deliv-
ery [1]-[4]. Simultaneously, problems such as low flight
efficiency, safety and noise issues, and underactuated move-
ment are emerging as obstacles in more diverse applica-
tions. Lighter-than-air vehicles, such as helium-filled blimps,
have been studied as a solution to these problems and have
shown new possibilities by performing omnidirectional flight
motions and unique missions that conventional drones cannot
perform.
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The airship, which is the most representative helium-filled
blimp, has been studied in a form wherein a rotor is attached
to the surface of a balloon and electric parts are contained
in a gondola. A typical blimp includes a rotor and gon-
dola attached to the bottom of the aircraft, similar to the
aircraft featured in [5]. This shows its indoor applications
like aerial filming near crowd [6] with successful maneu-
vering performance. In contrast, Wan et al. demonstrated
more stable flight performance through the dynamic mod-
eling of a blimp with three rotors attached to the side and
below [7]. Furthermore, Wang et al. successfully demon-
strated disturbance compensation control of blimps in the
form of a rotor attached to a gondola [8]. The previous three
studies showed only one-dimensional flight motion owing to
the asymmetry of the shapes and the parts attached around
the blimp. A torus or spherical shape has been proposed as
an alternative that overcomes the limitation of symmetry, and
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various actuation mechanisms for flight control have con-
sequently been proposed [9]-[14]. Suefuku et al. analyzed
the dynamic characteristics of a torus-type blimp through
simulations and experiments [9] and demonstrated omnidi-
rectional movement. Song et al. presented a new vehicle
with a flow control mechanism [10], showing the usability of
vehicle advertisements and entertainment near crowds. The
previous two studies suggested a new type of torus-shaped
blimp model, but there is a limitation with regard to stable
attitude control. In contrast, Tao er al. presented a unique
control model for the swing motion of a spherical blimp with
a gondola attached at the bottom, which showed good flight
performance [11]. In addition, Festo achieved stable flight
motion of a spherical vehicle by attaching numerous rotors
around it, thereby successfully demonstrating good flight
performance and pick-and-place in various situations [12].
However, there is a dependency between the orientation and
position control of the vehicle, and a complex system is
required for controlling multiple rotors. Helium-filled vehicle
using piezo elements as actuator is a novel concept; this
vehicle can safely fly around people [13]. Another spherical
drone shows high safety using Coanda effect [ 14]. In addition,
another study used a cube-shape helium-filled vehicle for
flight show near people [15]. Helium-filled body robot with
two legs is also introduced [16]. Although there have been
new use cases, such as aerial show and advertisements, using
helium-filled drone, the existing actuation mechanism and
control design are inadequate to independent attitude control
and position control.

The underactuated quadrotor is generally controlled by
a cascaded structure, and inevitably, the orientation control
is subordinated to the position control [17]. Consequently,
the quadrotor must be unconditionally tilted for movement.
A gimbal and a complex control algorithm are required for
aerial photography and aerial manipulation, respectively [18].
To solve this problem, fullyactuated systems with various
tilting rotor mechanisms have been proposed [19]. Adjusting
the location and orientation coordinates of the rotors enable
the wrench generation motion of the vehicle to be more capa-
ble than that of conventional drones. A fullyactuated system
decouples the position and orientation control, resulting in
an omnidirectional flight motion. This system is achieved by
tilting the rotor frame in arbitrary directions [20]-[23] or by
allocating the optimal rotor configurations [24]—-[27].

The tilting rotor mechanism mounted on the helium-filled
hull achieved both high flight efficiency and dexter-
ous maneuvers performance. Four tetrahedrally arranged
actuation units mounted on a spherical hull made by
Burri et al. [28] exhibited redundant control in 6 degrees of
freedom (DoF) of motion and aerial filming above the crowd
using a camera module mounted on the hull. They presented
tetrahedral solution is the most suitable for omnidirectional
motion and made this with 2.7 m diameter spherical blimp.
Similarly, Malek et al. developed a large size hybrid airship
vehicle using four propellers arranged as a quadcopter type,
which could be tilted by a servo motor [29]. They controlled
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the attitude of the vehicle using the quadcopter control algo-
rithm and proportional-integral-derivative (PID) controller.
Although four rotors are arranged in a planar placement such
as a quadcopter, the reinforcement moment is difficult to
overcome owing to the separation between the center of mass
(C.M) and the center of buoyancy (C.B).

As presented in previous research, a combined helium-
filled aerial platform with a tilting rotor system for omnidi-
rectional movement, dexterous flight capabilities, safety, and
high flight efficiency has been suggested. However, despite
these fully actuated systems, omnidirectional movement and
omniorientation control were not completely separated. Con-
sequently, the usability and application of omnidirectional
vehicles are limited. In this paper, the pierced in the mid-
dle envelope and C.B and C.M match design that is first
tried is analyzed in depth. And, owing to a well-organized
aerodynamic model and control method, novel independent
omniorientational and omnidirectional flight motion that
standard blimp or multirotors hard to do was achieved. As a
result, the vehicle can move without tilting or perform vari-
able missions in certain tilting angle. We proved the per-
formance of the mechanism and algorithm of the vehicle
through diverse demonstrations. Finally, various flight capa-
bilities and usabilities of 6 DoF under manual control are
presented.

The remainder of this paper is organized as follows:
Section II describes the design of the vehicle, dynamic model,
and control methods. Section III describes flight performance
such as omniorientational and omnidirectional motion of
the designed vehicle and presents various application cases.
Finally, Section IV presents the conclusions and future work.

Il. SYSTEM DESIGN

In this section, detail of design, modeling and control algo-
rithm of the platform that realizing omniorientational move-
ment is described.

A. HARDWARE DESIGN

The hull design is a symmetrical torus-type with a hole
through the center. The four rotors were symmetrically
aligned around the planar hull, as shown in Fig. 1. The height
of the hull, which is made of thin PVC material, is 800mm,
and the outer and inner diameters are 2200mm and 160mm,
respectively. It is very resilient and inflates up to 1000mm in
height based on the amount of helium added, and the buoy-
ancy is 2800 g. The weight of the hull is approximately 2000
g with a density of 0.189 kg/m?. By excluding the weight
of the control equipment from the buoyancy, a payload of
approximately 100 g is obtained, and it is lifted by a four
rotor thrust. Owing to the symmetrical hull shape, the C.B
is centered, as shown in Fig. 1. Four pairs of tiltable actuators
comprised a 5-inch brushless DC motor (BLDC) and a servo
motor. The servo can turn 180°(e.g., £90°) around each axis
and is arranged parallel to each body axis, which is coincident
with the C.B, as shown in Fig. 2. Flight-aid electric parts
(e.g., flight controller (FC), lithium polymer (LiPo) battery,
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FIGURE 2. Schematic description and reference frames of the tilting
actuators.

TABLE 1. Component parts of the vehicle.

Component Quantity ~ Weight (g) Product name
Hull 1 2000 PVC
BLDC motor 4 21 Xnova 1306- 2300 KV
Propeller 4 6 APC 5 inch
ESC 4 10 dys Xs 20A
Servo motor 4 25 md85mg
RC receiver 1 13 Maxima 6
Flight controller 1 23 Self-made
BEC 1 10 BEC5V2A
Battery 1 200 PT1500 mAh 3-cell
Power distributor 1 10 4 way matek hub
Wire . 86 .
Frame . 50 PLA

remote control (RC) receiver, four electric speed controllers
(ESCs), and a power distributor) are located in the center of
the hull, and the weights of each part are listed in Table. 1.
As there is no existing model for FC, it is manufactured using
the ATMEGA 2560 chip. ESCs were converted to rotate the
BLDC bidirectionally.

B. MODELING

The frame %g : {XgYgZg} is an Earth inertial frame that
is fixed on the ground, and the Zg axis points upward.
In addition, the frame .%p : {XpYpZp} is a body-fixed frame
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located at the origin of the C.B of the hull, which coincides
with the Center of Volume (C.V). Furthermore, the frame
FIm; - AXm;Ym;Zy,}, where i = 1...4, is associated with the
center of the i-th tiltable actuator. In addition, each coordinate
frame rotates the «; angle around the Xy, axes with respect to
the body frame. Generally, the C.M of the normal quadcopter
is designed to be coplanar with the four propellers and the
C.M is equal to the center of gravity (C.G). In our case,
we designed the heavy electric parts to be located in the
center of the hole and coplanar with four tiltable actuators.
Accordingly, the C.G (i.e., C.M) coincides with the C.B,
as shown in Fig. 1.

BRE € SO(3) (Z — Y — X Euler angle model in the special
orthogonal group) represents the transformation matrix of the
Earth inertial frame .%g to the C.M frame %p.

crcl crspsd — cpsyr spsyyr + cpcirso

BRE = cOsyr copcyr + spsyrsd cpsyrsd — crsgp | (1)
—s6 cOsp cpch
where ¢(-) and s(-) are the shorthand forms of cosine and sine,
respectively.

The position and orientation of the vehicle according to .Z g
are expressed as follows:

T T
EF =[EDT €D =[xEyE £ oo y] )
where ¢, 0, and ¥ denote the roll, pitch, and yaw Euler

angles, respectively. The linear and angular velocities of the
vehicle according to .%p are denoted as follows:

VB = [(VB)T (QB)T]T = [vf vf vf a)f 0)5 a)f]T 3)

From [8], the vehicle kinematic equations can be described
as follows:

E=1F
or
EET  [PRg 03x3 [P
G-l e
where
1 s¢ps0/cO cepsO/cO
BSE =0 cop —s¢ (5)
0 s¢/cO0 co/co

The configurations of the vehicle are described by the
position and orientation (¢ PW and & (‘;V ) with linear velocity and
angular velocity, and by the four tilt angles of the actuators «;.

The rigid body dynamic motion of the vehicle can be
described by the Newton-Euler equations of motion for asso-
ciating the acceleration with forces and moments. However,
unlike the usual quadrotor dynamic model, the added-inertia
effects must be considered for modeling. Because the
dynamics of the helium-filled vehicle is similar to that of an
underwater or submerged one, the 6 DoF nonlinear dynamic
equations of the blimp defined in .#p are described as fol-
lows [31]:

M® + Cw)Bv8 + D)BVE 4 g(&)f = <8 (©6)
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where the terms are defined as follows:
1) M: the vehicle and added-inertia matrix terms
2) C(v)B : the matrix of the Coriolis and centripetal terms
3) D(v)5: the damping matrix terms
4) g(&)V: the restoring forces and moments matrix terms
5) 78 the control inputs terms
The detailed derivations are provided in the following
subsections.

1) INERTIA MATRIX
The mass and inertia matrix of the vehicle is defined as
follows [31]:

N

ml3y3 —m(r’&)x}

M =
B [m(r’é;)x Iz

where m is the mass of the vehicle; I and Jp are the 3 x 3
identity matrix and the inertia matrix of the vehicle with
respect to C.M, respectively. (-)* is a skew-symmetric matrix
operator and ré’; is the coordinate of the C.G in frame C.B.
Owing to coincidence of C.B and C.M, this term equals zero
as in the usual quadcopter.

Under the assumption that the vehicle flies slowly and
has a three-axis symmetric design, the added-mass A,, and
added-inertia matrix A; of the vehicle and the diagonal
expression can be described as follows:

A, O
Muddea = [03 m3 ;sz]
X

= diag([ma, ma, ma_ Ja, Ja, Ja.]")  (8)

Thus, the inertia matrix of the vehicle can be described
as:

M = M3 + Mudded
— diag([m, mi, m,, J. J} 3] )

where the added-mass and added-inertia terms are included.

2) CORIOLIS AND CENTRIPETAL EFFECTS

Owing to the vehicle rotation motion, the Coriolis and cen-
tripetal effects are applied to the filled gas in the hull. Based
on an existing derivation [31], the Coriolis and centripetal
matrices are expressed as follows:

CoP) = 03,3 —(M11v? + Mp %)~
T =M VB M QB (M vE + My QB)*
(10)

where M;;(i,j = 1, 2) are four 3 x 3 submatrices of inertia
matrix M.

3) DAMPING FORCES AND MOMENTS

Owing to the wide surface of the hull, the friction induced
by the viscous effects of the surrounding air is negligible
and causes damping forces and moments on the vehicle. The
drag force is proportional to the velocity of the vehicle for
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laminar flow and proportional to the square of the velocity
for turbulent flow, as shown in the following equation:

1
Fp=- Epcdv(,)

where p is the density of the air, Cdv(_) and A(.), respectively,
is the linear drag coefficient and area of each axis of the hull.
In addition, the aerodynamic drag moment Mp is obtained
from the derivation in [31]:

Aoy =) P, (11)

1
Mp = —5pCa, (@ = C,, (@°)"  (12)

@()

where r is the diameter of the hull and de(A) is the rotational
drag coefficient of the hull.

As the vehicle moves slowly, the terms higher than the
second order (i.e., turbulent flow terms) can be disregarded.
Thus, the damping terms are derived as follows:

DOE)WE
— _diag [C;Xv)% Cy V2 V2 CG @2 C 92 Cpy, Qg]
(13)

4) RESTORING FORCES AND MOMENTS

In a blimp, the C.G to C.B distance determines static sta-
bility. Both the buoyancy force Fp act on the C.B, and
the gravity force Fg acts on the C.G. However, by set-
ting C.G equal to C.B, the resultant force of buoyancy
and gravity is applied at the same point, indicating that
the restoring force is not applied. Thus, the restoring force
and moments can be neglected. As the restoring force is
minimized, the platform will be sensitive to the disturbance
like wind. This static instability will be stabilized by max-
imized moment came from four rotors like an usual multi-
rotors. A stabilization test from disturbance will be dealt at
Section III.

5) CONTROL INPUTS

The control inputs 7 are derived from the propulsive forces
of the four propellers and torque moments from the tilting
control of the four propellers. As it is designed for a slow
flight speed, the inertial effects from the tilting propellers
and motor torques can be neglected. Consequently, the inputs
depend only on the motor outputs and the mixing control of
the tilting mechanism as follows:

P=Fo) @] =R h a4

The thrust generated by a rotor is modeled according to
momentum theory, and its lumped model is as follows:

Fo = Kf,oArr,a)(%)
= kroof, (15)
where Ky is the thrust coefficient, A, is the rotor disk area,
r is the radius of the rotor, (. is the angular velocity of the
rotor, and &y is the lumped coefficient of the thrust model. The

sin term of the thrust is used to indicate planar movement,
and the cos term of thrust is used for altitude control. The

VOLUME 9, 2021



S. H. Song, H. R. Choi: Design, Control and Implementation of Torus-Type Omniorientational Blimp With Tilting Actuators

IEEE Access

total control forces with each tilting angle «(.) are described
as follows:

Fa) = ([Fx Fy F])"

a)2
0  kpsinep 0 kpsinag )
= | kysino 0  kpsinaes 0 31 (6)
w
krcosay kpcosay kpcosaz kpcosay ?2’
4

In the case of moment, the reactive torque of the servo is too
small compared to the inertia of the aircraft. In addition, the
propeller torque is ignored because it is negligible compared
to the torque from the thrust. Therefore, the moment caused
by the rotor thrust is modeled as follows:

() = ka'w%) an

The control moments with tilting angle o.) are described
as follows:

(@) = ([o © =)’
0 —Lkgcosay 0 Lkgcosay
= | —Lkrcosay 0 Lkgcosas 0
—Lkgsinoy  Lkysinay  —Lkygsinas Lkysino

« |3 (18)

Owing to the tilting angle «;, this system has an advantage
in that the force vector can be adjusted in any orientation
during flight. Although the control input matrix size is 4 x 6,
as in the usual quadcopter, the system can produce the desired
force in all three axes of g in any orientation by tilting
the rotors (e.g., an insufficient rank of configurations can
be adjusted with «;). This means the translation and rotation
motions of the vehicle can be independently controlled with
force and torque inputs respectively. The novel independent
position and orientation control algorithm for this system is
proposed in the next section.

C. CONTROL DESIGN

The object of the control algorithm for the vehicle is indepen-
dent stable omniorientation and omnidirection control, which
implies facilitating both omnidirectional flight movements
maintaining any attitude, as well as horizontal flight move-
ments similar to conventional drones. We used the torque
inputs 7(«) for attitude control and force inputs F(«) for
position control independently.

As the C.B and C.M of the vehicle coincide, the rein-
forcement force that hinders the stabilization of the usual
blimp vanishes. Owing to this characteristic, the inertia of
the vehicle is simplified and low. Thus, the dynamic motion
is similar to that of a common quadcopter. However, unlike
most used cascade control structure in quadcopter [19], our
proposed attitude control is based on a single PID control.
It is sufficient for tracking the target orientation of the vehicle
by controlling the angular speed of each motor. The Euler
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angle error is defined as the difference between the desired
and current angle of the vehicle s, = s; — s., where s can be
0, ¥, and ¢. Than the attitude control method is as follows:

oy = k1(Khs, + K/ / S+ KbS) (19)

where K}, K/, and K}, are the gains of the PID terms.

As shown in Fig. 1, Yp axis angle (roll) is controlled by
Fu, and %), motors. Similarly, the Xp axis angle (pitch)
is controlled by %), and %y, motors. And the Zp axis
angle (yaw) is controlled by simultaneously tilting the four
motors. These axes control allocation is applied not only in
level hovering but also in vertical or flip conditions. Owing
to the symmetrical design of the vehicle, 3 DoF rotational
motions (roll, pitch, and yaw) are conducted between each
control axis and motor pair, as shown in Fig. 3. By main-
taining each control axis, Xg and Yg translational motion
are achieved by tilting the two Yp-axis and Xp-axis motors,
respectively. These control allocations do not change during
vertical and flip motion.

lIl. FLIGHT PERFORMANCE

Various flight experiments were performed to validate the
performance of the vehicle. This section discusses, level sta-
bilization flight, vertical and inverted flight, omniorientation
flight, and omnidirection flight tests, along with application
cases. Each control target is determined with manual control
by a pilot, and orientation and position data are measured by
the IMU and external indoor GPS system, respectively.

A. LEVEL STABILIZATION FLIGHT

Using a single PID controller for stable level flight, the roll,
pitch, and yaw angles of the vehicle are controlled, and the
test results are presented in Fig. 4. The roll target (—3°), pitch
target (—5°), and yaw target (—10°) were set, and KIIJ = 0.6,
KII = 0.1, and KII) = 0.5 were also applied. But in the case
of yaw control, K {, = 0.4 is applied because of the sensitivity
of servo control. We found these parameter from lots of trial.
The offset of the roll and pitch from zero angle originate from
the initial mount error of the FC. It maintains each target
angle with an error of +1° during the front part of a 300 s
flight, as shown in Fig. 4. Despite of external disturbances are
applied in each axis (roll, pitch, and yaw), the vehicle showed
fast recovery during the back part of a 300 s flight. The
adopted single PID controller was sufficient for stable attitude
control and omniorientation control. The vehicle overcomed
pendulum motion that standard blimp experience [9] and
shows more fast and stable level flight results.

B. VERTICAL AND INVERTED FLIGHT

Each target angle tracking control was tested during the
vehicle transition from the level position to the vertical and
inverted positions. Fig. 5 presents the transition results. The
transition was executed by rotating the roll angle (Xp) and
the rotation speed was 0.0523rad /s. During the flip transi-
tion, tracking loss occurred at the vertical position frequently
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(a) 30°

(b) 90°

(c) 180°

FIGURE 3. Schematic description and reference frames of the tiltable actuators.
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FIGURE 4. Attitude stabilization control flight result.

because of the flipping of two motor coordinates, (%), and
Zm,), as shown in Fig. 3(b) and 3(c). This transition is an
essential process owing to the limited rotation angle of the
servos. After each transition, the vehicle showed stable pitch
and yaw control, as shown in Fig. 5(a) and 5(b). It followed
the target angle of manual input by the pilot, and the yaw
rotation speed was 0.0447rad /s. The rotation speed of each
axis can be adjusted as required. Snapshots of the level to
inverted position transition and pitch and yaw rotation in
each position are presented in Fig. 6. The pitch axis control
(Yp) depends on the Y translation movement showing lateral
floating during pitch control, as shown in Fig. 6(c) and 6(e).

C. OMNIORIENTATION FLIGHT

In addition to certain angle transitions, such as vertical and
inverted positions, an omniorientational control test manual
input by pilot was performed. The pilot maneuvered the roll,
pitch, and yaw angles randomly, and the vehicle followed it,
as shown in Fig. 7. During the rotation of the roll angle of the
vehicle (Xp) before the inverted position, two motors (Fy,
and .#),), which are located on the Y axis, are parallel to
the Zg axis to maintain the altitude, as shown in Fig. 3(b).
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FIGURE 5. Vertical and inverted position control flight resuit.

After flipping upside down, all motors (:Zy,, #u,, Fm,. and
Fu,) revert to the initial position and rotate in anti-direction,
as shown in Fig. 3(c). This experiment shows the vehicle
capabilities that not feasible to standard multirotors but easy
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(e) pitch rotation in inverted position

FIGURE 6. Transition from level to inverted position control flight.
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FIGURE 7. Omniorientation control flight result.

to this platform. It can be performed with simple mechanism,
lightweight system, and easy-to-repair design [24].

D. OMNIDIRECTION FLIGHT
Omnidirectional flight with manual input control by pilot
during tilted position is performed. Fig. 8 presents the
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FIGURE 8. Orientation, motor, servo, and position data during tilted
position.

motor, servo and position data. During two tilted orientations
(32° and 101°) flight, four servo and four BLDC motors were
controlled using the designed control method. As the vehicle
climbed vertically, two motors (:#y, and %), ) rotate faster
to maintain the altitude, and the tilting angle of each servo
increases in the opposite direction. In addition, the other two
motors (Fyy, and Fyy,) keep rotating to follow the target roll
angle, and the tilting angle of each servo maintains the initial
position. By retaining the target orientation, lateral translation
is maneuvered by the pilot, and the position data are measured
by the inner GPS system. The vehicle was stably followed
along the lateral wall of the building. It followed four routes
by controlling the tilting angle of each axis servo without
turning the yaw angle of the vehicle.

E. APPLICATIONS

Several application cases are tested wherein general quad-
copters find it difficult to show novel specifications of this
vehicle. As the design of the vehicle is similar to a donut,
passing a narrow space (e.g., door) with level position flight
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FIGURE 9. Snapshots of narrow door passing of the vehicle.

(a) contact force in level position

(b) contact force in vertical position

FIGURE 10. Omnidirectional contact force measurement test.

is difficult. The omniorientation control of the vehicle makes
it possible for the vehicle to pass through the narrow space,
as shown in Fig. 9, by transitioning to the vertical posi-
tion. A fairly stable interaction with a wall or board without
changing the vehicle orientation is useful for wall-touching
work. Lateral and downward contact force measurements
were performed to prove this application, as in [21]. In our
case, to prove the omnidirectional contact force with orienta-
tion control, the lateral contact force was measured with the
lateral and vertical positions, as shown in Fig. 10. The pushed
force was measured using a push-pull gauge tool. A force
of 1.53 N was measured in the lateral position, and a force
of 2.95 N was measured in the vertical position, as shown
in Fig. 10(a) and 10(b), respectively. The lateral force in the
vertical position is larger because the two motors in Zp
coordinates can push parallel to the direction the vehicle flies
in.

IV. CONCLUSION

In this study, we developed a novel unmanned blimp design
and control algorithm for independent omnidirection and
omniorientation controllable flight. It is a helium-filled torus-
type blimp comprising four pairs of tiltable actuators and
a PID controller that ensures safety, long time flight, and
omnidirectional motion. Owing to the model-based free-
reinforcement design, the vehicle showed stable rotation and
target angle tracking. The symmetric design of the vehicle
made it possible to follow all orientations with each axis
rotation. In addition, it performed stable and safe transla-
tional motion alongside the pilot maneuvers owing to its
light weight and independent control allocation. Buoyancy-
aided energy reduction has enabled the development of an
efficient drone and simple control for diverse applications.
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Diverse performance validation tests were performed, and
the results proved stable flight and applicability. Expanded
maneuverability provided extraordinary applications, such
as narrow space passing and physical interaction with the
omnidirectional surface, thereby overcoming the limitations
of the normal quadcopter. Also, as the vehicle can flip, both of
surface can be used for advertisement by printing a pictures.
Pick and place [12], torque generation [28], following people
safely with vision camera [31], and drone surveillance [32]
are potential usability of this platform. In addition, this sym-
metrical coincidence of the C.B and the C.G design with the
surrounding four tiltable actuators can be applied to other
shapes of the envelope. Making large size of the hull for
getting sufficient buoyancy makes lateral damping force large
too. And, versatile maneuverability decreases lateral force of
the vehicle. Slow flight speed caused by these factors and
it also hard to overcome wind disturbance. Owing to this
limitation, this vehicle is suitable to fly indoor space.

In future work, a more elaborate control algorithm for
6-axes-independent rotation and translation motion and dis-
turbance compensation-based design for outdoor flight would
be researched. And, optimal PID control research about
diverse size and weight is needed. Furthermore, omnidirec-
tional aerial records with center-mounted camera and printing
advertisements on both sides of the surface are expected
applications.
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