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In this study, we propose a novel tailsitter unmanned
aerial vehicle with configurable wings using a parallel
link mechanism. It has two flight modes: a hover mode
and a forward flight mode by pitching, similar to con-
ventional tailsitters. In addition, it can deform its air-
frame in each flight mode. In the hover mode, it can
tilt the frame in the pitch direction while hovering. In
the forward flight mode, it can change the configura-
tion of the wings during forward flight. In experiments,
we show that it can transition from the hover mode to
the forward flight mode with three wing configurations:
non-staggered wings (biplane) and positively and neg-
atively staggered wings (tandem wing plane), using an
attitude controller for conventional quadrotors.
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1. Introduction

Quadrotors have emerged as versatile tools across nu-
merous fields, including logistics, inspection, surveying,
and aerial photography. However, their underactuated na-
ture limits their ability to control their position and atti-
tude independently. One solution to this problem is a non-
planar multirotor [1], achieved by increasing the number of
rotors and tilting the rotor surfaces in relation to the body.
Unfortunately, this results in lower flight efficiency due to
the increased weight and the thrust loss.

In response to these challenges, deformable quadrotors
have gained significant attention due to their enhanced flex-
ibility. For instance, in our previous work, we introduced a
quadrotor capable of tilting its frame in the pitch direction
while hovering [2]. This capability is particularly advanta-
geous for tasks requiring precise maneuvering in confined
spaces, allowing the quadrotor to narrow its width to al-
most as little as one rotor diameter. Additionally, it facili-
tates inspections along curved surfaces, such as tunnels, by
dynamically adjusting the tilt angle of the frame to match
the surface curvature.

Among the variety of deformable quadrotors with tilt-
ing mechanisms—ranging from tilting rotor types [3-7] to
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(a) Hover mode (b) Forward flight mode

Fig. 1. Proposed tailsitter with configurable wings where
figures (a) and (b) show the hover and forward flight states,
respectively.

tilting arm [8-10] and frame types [2, 11, 12]—our quad-
rotor offers several advantages provided by its unique par-
allel link mechanism. Firstly, it requires only one addi-
tional actuator for tilting. Secondly, all rotor surfaces re-
main parallel at any state. This design ensures a similar
hovering efficiency to conventional quadrotors (i.e., those
without deformation capability). In contrast, many quad-
rotors with tilting mechanisms often suffer from increased
weight due to multiple additional actuators or thrust loss
caused by non-parallel rotor surfaces.

Motivated by these advantages, we propose a novel tail-
sitter unmanned aerial vehicle (UAV) with configurable
wings using the parallel link mechanism (see Fig. 1) simi-
lar to the one in [2]. The particular focus here is to improve
the forward flight efficiency while retaining all the advan-
tages of [2] during hovering. Specifically, we maintain the
basic structure of the quadrotor in [2] and add two wings in
such a way that it can smoothly switch between hover and
forward flight modes by pitching, similar to conventional
tailsitter UAVs [13-15]. In the hover mode, it behaves like
the quadrotor with a tilting frame [2]. In the forward flight
mode, it functions as a configurable-wing UAV that moves
forward using the lift generated by the upper and lower
wings, similar to conventional fixed-wing UAVs. In addi-
tion, it can change the configuration of the two wings while
maintaining wing parallelism during forward flight. Com-
pared to existing UAVs with similar features, such as the
VTOL aircraft tilt-wing UAV [16], the proposed tailsitter
benefits from better weight efficiency and maintenance due
to the addition of only one actuator.

The main contributions of this paper can be summarized
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as follows. Firstly, we introduce the concept of a novel tail-
sitter UAV featuring a parallel link mechanism and config-
urable wings. Secondly, we present a prototype aimed at
testing its ability to seamlessly transition between the hover
and forward flight modes, while ensuring that the attached
wings do not interfere with the tilting frame. For this pur-
pose, we employ rectangular flat plate wings for their me-
chanical simplicity and ease of manufacture. However, it is
worth noting that the proposed tailsitter UAV falls within
the low Reynolds number range of 10* to 10°. In this range,
thin cambered plate airfoils yield higher lift coefficients
compared to flat plate airfoils [17]. The investigation of
the optimal airfoil shape is left as future work.

The remainder of this paper is organized as follows. In
Section 2, we explain the mechanism of the proposed tail-
sitter UAV with configurable wings and its flight mode
with deformations, and present its prototype. Section 3 de-
scribes the control architecture for a stable flight in the two
flight modes. In Section 4, we demonstrate that it can tran-
sition between two flight modes with three wing configu-
rations. Finally, the conclusion is presented in Section 5.

2. Mechanism

In this section, we first provide an overview of our pro-
posed tailsitter UAV with configurable wings using a par-
allel link mechanism. Next, we describe in detail the two
flight modes generated by pitching and the deformation
mechanism in each flight mode. Finally, we show a pro-
totype of our proposed tailsitter.

2.1. Proposed Tailsitter UAV

Figure 2 shows a mechanical model of the proposed tail-
sitter UAV. It has basically the same structure as the quad-
rotor UAV developed in our previous work [2]. The dif-
ference lies in the presence of two wings. It mainly con-
sists of a body, tilting frames, and additional wings. The
body is equipped with a flight computer, a LiPo battery,
and one servo motor, which are stacked in the ef—axis di-
rection of the body-fixed frame to reduce aerodynamic drag
as a tailsitter. The tilting frame consists of upper and lower
E-shaped frames, where the central and end parts of these
frames are connected by the body and two arms, respec-
tively. These frames incorporate bearings to form a parallel
link, and the central fulcrum of the upper frame is driven
directly by the servo motor mounted on the body. When
driven by the servo motor, the entire frame tilts around the
ef—axis due to the parallel link mechanism, as shown in

Fig. 2(b). The angle between the frame and the ef -axis,
referred to as the tilt angle, is denoted as y. The impor-
tant point is that the parallel relation among the body, the
front arm, and the rear arm is guaranteed at any tilt an-
gley € [~V max> Ymax)> Where v, is the maximum tilt angle.
Here, wings (rectangular flat plate wings for simplicity in
this study) are added to the front and rear arms in order to
gain the advantage of a fixed-wing UAV that is more effi-
cient than a conventional quadrotor in forward flight. This
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Fig. 2. Mechanical model of the proposed tailsitter UAV.

tailsitter structure obtains two flight modes with deforma-
tions, which will be detailed in the next subsection.

2.2. Two Flight Modes with Deformations

With the fuselage structure shown in Fig. 2, the pro-
posed UAV can change into various and diverse flight
states as shown in Fig. 3. First, it has two flight
modes: hover mode M, in Fig. 3(a) and forward flight
mode M,,..q in Fig. 3(b), similar to the conventional tail-
sitters [13] by the addition of wings. These flight modes
are transitioned My ... @ M, aqq DY Pitching, that is, the
pitch angle is @ = 0 in My .. and 0 2 0 in M0

Next, it can be deformed into various shapes in each
flight mode with only one servo motor. In M,,.,, it be-
haves as a quadrotor UAV with the tilting frame [2]. It
hovers at a desired position and yaw angle by adjusting the
four rotor thrusts f, ..., f,, similar to conventional quad-
rotor. Additionally, it can tilt the frame by y positively and
negatively around the ef -axis while maintaining rotor par-
allelism during hover 6 = 0, as shown in Fig. 3(a). Also,
the width of the fuselage in the e”-axis direction can be
reduced according to the tilting motion of the frame. On
the other hand, in Mj,,..q. it behaves as a configurable-
wing UAV. It tilts the pitch angle 6 Z 0, allowing it to
move forward using both the propulsion f; by rotors and
the lifts f, and fi,.., generated by the upper and lower

upper
wings. In addition, it can change the configuration of the
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Fig. 3. Two flight modes with deformations and their transitions by pitching.

two wings while maintaining wing parallelism during for-
ward flight. As shown in Fig. 3(b), it can stagger the two
wings forward and backward along the ef—axis direction,
resulting in a biplane at y = 0, a tandem wing plane with
positively staggered wings in y > 0, and a tandem wing
plane with negatively staggered wings in y < 0.

Finally, it has the same property as the conventional
quadrotor in any state with respect to the flight mechanism
utilizing the rotor thrust. All rotor thrusts f; are parallel to
the e”-axis at any state in both modes M., and Moy
by the parallel link, that is,

H LS F e?v v e [_7max’}’max]- . (D
Therefore, total rotor thrust Y. f; is efficiently used to

1

counteract its gravity mg in M, and propel the aircraft
forward in Mg yarg-

2.3. Prototype

Based on the concepts introduced in the previous sub-
sections, we have developed a prototype, as shown in
Fig. 4. The physical parameters of the prototype and the
products employed are listed in Tables 1 and 2, respec-
tively. The two arms and tilting frames are made of carbon,
while the rectangular flat plate wings are made of styrene
boards. The frame dimensions are selected based on the
parameters of the tilting frame quadrotor [2]. Note that
this prototype operates in the low Reynolds number range
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rotor 2

Fig. 4. Prototype of the proposed UAV.

of about 10°, with a chord of 0.1 m and a maximum flight
speed of 15 m/s. As mentioned in the introduction, the
wing shape chosen for this prototype may not be optimal
for this type of aircraft, but is selected for ease of manufac-
ture.
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Table 1. Physical parameters of the prototype.

Parameter Description Value
m Mass 596 g
Yimax Maximum tilt angle 80°
I Tilting frame length 125 mm
? Arm length 380 mm
P Propeller length 152 mm
e Wing chord 100 mm
s Wing span 160 mm
™ Wing thickness 5 mm
K Rotor specific thrust-to-drag ratio 154 x 1072 m

Table 2. Products employed in prototype parts.

Parts Product
Flight computer mRo PixRacer Pro
Propeller Gemfan Flash 6042-3
Motor Emax MT1806 2280KV
ESC Holybro Tekko32 F4 45A ESC

Servo motor

Kondo KRS-2572R2HV ICS

Power board Holybro PM06 V2 Power Module
Battery Tattu 3S 850 mAh 11.1 V
RC radio transmitter ~ Futaba T10J
RC radio receiver Futaba R2000SBM
fa LSy

44 | attitude |wd
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controller

angular velocity | — | | proposed UAV
controller | Td ]| allocator [ )

af
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Fig. 5. Control architecture based on conventional quad-
rotor control method.

3. Control

We show the control architecture in Fig. 5 that allows the
user to stabilize and deform the proposed tailsitter by man-
ual operation. The control system consists of an attitude
controller, an angular velocity controller, and an allocator.

The attitude controller is applied to the singularity-
free quaternion-based method [18] conventionally used for
quadrotors under two conditions: first, all rotors and the
flight computer are parallel as in Eq. (1); second, there is a
significant change in the pitch angle for mode transitions.
The attitude controller generates the desired angular veloc-
ity @, from the error quaternion g, = ¢' ® q4 = [, 41"
between the desired quaternion g, and the current quater-
nion q as follows:

og=2sg0(q.) Koo - - - - . . . . .. (2

where Kg is the gain matrix for attitude quaternion q. g,
and g, are the scalar and vector parts of the error quater-
nion q, = [q, §. 1", respectively, and sgn(g,) is the follow-
ing sign function of ¢,.
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if g, > 0,

3
if g, < 0. ©)
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The angular velocity controller is the PID controller that
outputs the desired torque 7, from the error angular veloc-
ity o, = 04 —

Td=K]‘;’a)e+Kiw/a)e(T)dT+Kg’d)e, N )|

where K7, K, and K{ are the proportional gain, integral
gain, and derivative gain matrices for the angular velocity,
respectively.

The allocator calculates the four rotor thrusts f; = || f;|
(i = 1,2,3,4) from the control inputs of the desired total
thrust f4 and the desired torque 7, as follows:

fi
| _ ~1 | fa

7 = T(y)"! [] R ).
fa

where T'(y) is the following matrix depending on the tilt
angle y.

1 1 1 1
—d d d —d
TO=_alpy ab) -do dpl - ©

—K —K K K

whered, (y) =1 fcosyand d,= 1" are the distances between

the center of gravity and the rotor in the ef - and ef -axis
directions, respectively. « is the rotor specific thrust-to-
dragratio. Here, we assume that the tilt angle is close to the
desired one, i.e., y & y4 because the tilting frame is driven
slowly, and therefore we approximate T'(y) = T'(y,). Also,
T (y4) is always invertible since the maximum tilt angle is
set at 80°, as shown in Table 1.

The user can change the proposed tailsitter to the various
flight configurations in Fig. 3 by providing the controller
with the desired total thrust f,, the desired attitude g4, and
the desired tilt angle y, appropriately. The relationship be-
tween q4 and desired ZY X-Euler angles ¢, 8,4, y is as fol-
lows, and the user specifies 6, ~ 0° for M., and 8, ~ 90°
for Mforward:

%
w|E

Y SESIASS

<2}

\_/\_/v
[}
P N N
ols
NN
~~
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(
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S el
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or sin(- )and cos(-), respec-

S
~—

where 50) and ¢ are shorthand fo
tively.

4. Experiments
In this section, we demonstrate the results of our experi-
ments. In particular, we show that the prototype discussed

in Section 2.3 has successfully flown in a straight line at a
constant altitude with manual control, while transitioning
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Table 3. Gain parameters of the controllers.

Parameter Value Location
K; diag(6.5, 6.5, 2.8) Eq. (2)
K‘;,’ diag(0.06, 0.06, 0.06)

K’ diag(0.08, 0.08, 0.02)  Eq. (4)
K3 diag(0.001, 0.001, 0)

from the hover to forward flight mode with different tilt
angles. All flight experiments were conducted indoors un-
der windless conditions using the control system in Fig. 5.
We implemented the control system in the flight computer
(mRo PixRacer Pro) using MATLAB® and Simulink® with
the UAV Toolbox Support Package for PX4 Autopilots [a].
The controller gains of the attitude controller Eq. (2) and
the angular velocity controller Eq. (4) are given in Table 3.
Figs. 6(a), (b), and (c) show the sequence images and the
graphs of the ZY X-Euler angles ¢, 6, v, desired pitch an-
gle 6,, and the desired total thrust f, of the flight experi-
ments at y = —45°, 0°, and 45°, respectively. The desired
roll angle ¢, and the desired yaw angle y, are set at con-
stant 0°, and the desired pitch angle 6, and the desired to-
tal thrust f, are given manually. Here, the desired pitch
angle 6, in M .4 Was set at approximately 70° to pre-
vent the aircraft from crashing into a wall due to limited
indoor space. Although there is a slight movement in al-
titude due to manual control, it can be observed that in all
cases the proposed tailsitter achieved a smooth transition
from hover to forward flight mode. Note also that different
tilt angles give different staggers in M ...q; DEgative tilt
angles (e.g., —45°) give negative wing stagger and positive
tilt angles (e.g., 45°) give positive wing stagger.

5. Conclusion

In this study, we proposed a novel tailsitter UAV with
configurable wings and developed its prototype. In exper-
iments, we show that it can smoothly transition from the
hover to forward flight mode with three wing configura-
tions: non-staggered wings (biplane) and positively and
negatively staggered wings (tandem wing plane), using the
standard controllers for the conventional quadrotors.

The stagger angle of a biplane and tandem wing plane
affects their aerodynamic characteristics [19,20]. In par-
ticular, it has been shown that the maximum lift coefficient
is greater with the positive stagger than with zero stagger.
This finding motivates further investigation into the poten-
tial benefits of varying the stagger during flight. In future
work, we will clarify how the aerodynamic characteristics
change depending on the wing configuration for forward
flight, and propose a dynamic desired tilt angle generator
that maximizes its flight efficiency.
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