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ABSTRACT A tri-copter unmanned aerial vehicle (UAV) with individually tilted main wings for various
flight maneuvers is presented. In contrast to conventional tilt wing UAVs, thrust vectoring and control of the
directions of main wing surfaces are attained by tiltingmain wings individually. Such individually tilted main
wings allow more efficient maneuvers of the UAV. Even though the UAV is a tri-copter, it can compensate
the reaction torque created by the tail motor by the individual control of the main wings. Few publications
have appeared in the literature, dealing with tri-copter UAV with individually tilted main wings. Dynamic
model of the UAV is established via the Newton-Euler formulation and effect of individual wing control is
examined. The PID controller and PI controller for control of flight maneuvers are implemented and used for
simulations and experiments. Results of simulations and experiments are presented for validation of flight
performance of the UAV, including the roll rate 80% larger than that of the conventional UAV with ailerons
as control surfaces.

INDEX TERMS Tri-copter, tilt wing UAV, individually tilted main wings, reaction torque, flight perfor-
mance.

I. INTRODUCTION
Unmanned aerial vehicles (UAVs) have been widely
developed and used for various tasks such as disaster assess-
ment [1], airway transportation [2], military aerial vehi-
cles [3], surveillance [4], and logistics [5]. The UAVs are
classified into three main categories: fixed wing UAV [6], [7],
vertical take-off and landing (VTOL) UAV [8], and hybrid
UAV [9], [10]. The fixed wing UAVs have been studied as
a classic type of air vehicle. They are able to fly over a
long distance at high speed and have mechanical simplicity
as compared to other types of UAVs [6], [7]. On the other
hand, the fixed wing UAVs require long runway for take-off
and landing or dedicated launch system for take-off. The
VTOLUAVs are able to perform vertical take-off and landing
without the runway and launch system. Due to their handy
hovering, they are often used for video recording [11]. How-
ever, the VTOLUAVs are structurally complex and have rela-
tively short operation time. To overcome the disadvantages of
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fixed wing UAVs and VTOL UAVs, hybrid UAVs have been
developed. Because of the capability of dual mode flight, the
hybrid UAVs are becoming a popular type of UAV.

Hybrid UAV is typically classified into converti-
plane [3], [12]–[19] and tail sitter [5], [19]–[26] according
to transition mechanism and mechanical configuration. The
convertiplane has capabilities of take-off, hovering, cruise
flight, and landing without tilting main fuselage during the
transition between vertical flight and horizontal flight. The
convertiplane is further divided into four sub-categories:
tilt rotor UAV, tilt wing UAV, rotor wing UAV, and dual
system UAV. The tilt rotor UAV has multiple rotors con-
nected to a rotating shaft. These rotors gradually tilt for-
ward, providing the airplane’s forward thrust during the
transition [13], [15], [27]. Operation of the tilt wing UAV
is similar to that of the tilt rotor UAV, except that the tilt
wing UAV tilts their wings together with the rotors [18], [28],
[29]. Rotary wings of the rotor wing UAV spin to pro-
vide lift force in vertical mode and stop to act like fixed
wings in horizontal mode [30]. The dual system UAV has
multiple rotors for vertical mode and separate rotor for
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FIGURE 1. Classification of UAVs.

horizontal mode. Classification of the UAVs is summarized
in Fig.1.

The tilt wing UAV has high energy efficiency during cruise
flight [9]. The energy efficiency and flight endurance are
important features especially in the surveillance and emer-
gency situations [31]. Among the tilt wing UAVs, tilt wing
UAV of tri-copter type has relative advantages in weight and
flight endurance to tilt wing UAV of quad-copter type. How-
ever, tilt wing UAV of tri-copter type is generally problematic
due to reaction torque [32]–[36]. This UAV typically has
unmatched rotor and it generates the torque on the body of
the UAV as a consequence. The solutions to this problem are
to tilt the unmatched rotor or to use two rotors together to
compensate the reaction torque by coaxial reversal [32]–[34].
Other possible solutions include the use of ailerons as
control surfaces with additional servo motors to control
them.

In this paper, individual control of main wings is proposed
to solve the problem of reaction torque with the tilt wing
UAV of tri-copter type. Because proposed UAV uses the
entire surfaces of the main wings as the control surfaces,
more efficient maneuvers can be obtained, as compared to
the conventional UAVs that use small control surfaces. As a
result, the UAV can compensate reaction torque created by
the tail rotor and perform agile roll operation during the hor-
izontal flight. On the other hand, large control surfaces cause
instability in control and a problem in transition between
verticalmode and horizontalmode [18], [37], [38]. To address
these problems, PID controller and PI controller for stable
flight operation as well as transition process are developed
for the proposed UAV. To the best knowledge of authors, few
publications have appeared in the literature, dealing with tilt
wing UAV of tri-copter type which is capable of separate con-
trol of main wings for various vertical and horizontal flight
operations.

This paper is organized as follows. Section II presents
design of the UAV. Section III gives prototype and mathemat-
ical model of the UAV. Section IV explains the PID controller
and PI controller for flight operation and transition between
flight modes. Section V presents results of simulations and
experiments attempted to show maneuver performance of
the UAV. Concluding remarks are in Section VI.

A. CONTRIBUTIONS
The objective of this paper is to develop small size tilt
wing UAV of tri-copter type with T-configuration that can
compensate reaction torque created by the tail rotor and
perform agile flight operations. In a conventional tri-copter,
a thrust motor is set to rotate in clockwise direction and the
other two spin in counter-clockwise direction and vice versa.
The unmatched rotor generates the torque on the body of
the UAV as a consequence. Proposed UAV can address the
reaction torque by tilting main wings independently. Primary
advantage of using entire surfaces of the main wings as the
control surfaces lies in more efficient maneuvers that can
be obtained during flight. Contributions of this paper are as
follows.

1) Design considerations and aerodynamic force analysis
of proposed UAV are presented. The aerodynamic force anal-
ysis shows large difference of lift force between main wings,
which enables agile maneuvers of the UAV.

2) Dynamic model of the UAV is presented. The dynamic
model is established based on Newton-Euler formulation.
Equations of motion as a part of Newton-Euler formulation
are described for the proposed UAV. Agile roll operation of
the UAV is accounted for by the equations of motion.

3) The PID controller and PI controller designed for flight
operation and mode transition of the UAV are described
in details. Control allocation to each actuator (servo motor
or BLDC motor) is pictorially explained with proper math-
ematical validation. Mode transition between horizontal
flight and vertical flight is addressed with relevant flow
chart.

4) Simulations and experiments demonstrating maneuver
performance of the UAV are presented. In the flight simu-
lations, maneuverability comparison of the proposed UAV
and typical UAV using ailerons as control surfaces is made
with pulse input command. Simulation results show that the
maximum roll rate of the proposed UAV is about 2.7rad/s
and the UAV with ailerons is about 1.5rad/s, representing
80% improvement over the conventional UAV with ailerons
as control surfaces. In the flight experiments, target angles
are given by RC transmitter to verify flight stability of the
proposed UAV. Experimental results demonstrate that the
UAV can perform various maneuvers successfully by com-
pensating reaction torque of the tail motor in windy condition
of 4m/s wind speed.

II. DESIGN OF PROPOSED UAV
In this section, mechanical design and aerodynamic analysis
of the UAV are presented. Components consisting of front
and tail parts of the UAV along with achievable flight opera-
tions are explained in subsection II.A. Design considerations
include wing surface area and thrust required to achieve
cruise speed, both of which are relevant to cruise flight,
and lift force pertinent to vertical take-off. Subsection II.B
deals with a methodology how to design wings of the UAV
with the main concern over wing surface area. Required lift
force for vertical take-off is discussed in subsection III.B.
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FIGURE 2. Mechanical design of proposed UAV: (a) appearance and
structure; (b) detailed structure of front and tail parts.

Subsection II.C involves with the aerodynamic force analysis
of the UAV.

A. COMPONENTS OF THE UAV AND ACHIEVABLE FLIGHT
OPERATIONS
Appearance of the proposed UAV is shown in Fig.2(a) and
structure of front part, associated with control of main wings,
and tail part, involving rotation of tail BLDC motor, are pre-
sented in Fig.2(b). Unlike tilt wings in front part, horizontal
stabilizers in tail part are static.

Two BLDC motors are mounted on the main wings and
another one is positioned in tail part. The servo motors kept in
holders individually rotate main wings and tail BLDC motor.
Since a BLDCmotor is mounted on each main wing, rotating
a main wing also represents adjustment of thrust vectoring.
The BLDC motors of front and tail parts rotate propeller
blades. The shaft of each wing is connected to each servo
motor via wing connector. The bearing and bearing holder
in connection with the fuselage support each main wing. The
front part makes it possible to tilt the main wings individually.
In the tail part, the tail servo motor is connected to the tail
BLDCmotor by the tail connector and the servo motor holder
is held up by bearing and bearing holder. As a result, the tail
servo motor can tilt the tail BLDC motor along the shaft of
the tail servo motor.

Various flight operations of the UAV are shown in Fig.3.
The UAV is able to change the flight mode. Figure 3(a)
represents attitude maneuvers in vertical flight mode. They
are fulfilled by thrust vectoring of motors on main wings and
tail. The thrust vectoring is primarily determined by tilting
mainwings individually. Conventional tilt wingUAVs that tilt
wings in the same direction have a problem in yaw operation,
because of the reaction torque generated by the tail motor.
The proposed UAV can make yaw movement by tilting the
main wings in opposite directions to compensate the reaction

FIGURE 3. Flight operations of proposed UAV: (a) vertical flight mode;
(b) horizontal flight mode.

torque. It is noted in vertical mode that the tail BLDC motor
is erected downward to provide additional lift force. The
roll operation is conducted by generating different thrust at
each BLDC motor mounted on the main wings. The pitch
operation is performed with main wings erected and equal
thrust of BLDC motors on the main wings in combination
with adequate control of thrust of tail motor. Figure 3(b)
shows attitude maneuvers in horizontal flight mode. The yaw
operation is attained by different thrusts of the motors on
the main wings. The roll operation is achieved by tilting
main wings individually, which is in effect thrust vectoring
combined with control of the direction of wing surfaces. The
pitch operation is adjusted by varying the thrust of the tail
BLDC motor.

B. WING DESIGN
The wing loading of the UAV, which is the ratio of weight to
wing surface area, determines field performance and maneu-
verability and the thrust-to-weight ratio decides the thrust to
achieve target cruise flight speed [39]. The wing loading with
the unit N/m2 at the stall speed is given by(

W
S

)
stall
=

1
2
ρv2stallCLmax (1)

where W , S, ρ, vstall,CLmax represent weight of the UAV,
wing surface area, air density, stall speed, maximum lift
coefficient, respectively. For given weight of the UAV, which
is approximately 2 × 9.8N(ewton), and typical stall speed
of small size UAV 12m/s [40] and air density 1.225kg/m3,
the maximum lift coefficient CLmax depending on airfoil is
necessary to determine the wing surface area S. To get
the CLmax , proper airfoil is selected. When target cruise
speed is 20m/s and estimated chord length is about 15cm,
the Reynolds number is about 2×105 with typical kinematic
viscosity for air. The aerodynamic properties of widely used
airfoils NACA 0012 [26], NACA 2410 [36], NACA 4412 [6],
NACA 23012 [5], and NACA m18 for small size UAVs
with the Reynolds number 2×105 are considered. Varia-
tion of lift coefficient CL , lift coefficient to drag coefficient
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FIGURE 4. The thrust-to-weight ratio(T/W) as a parameterized function of
wing loading(w/s). The aspect ratio AR is used as the parameter.

ratio CL / CD, and moment coefficient CM according to the
angle of attack are shown in [41] with infinite span wing.
In the target range of angle of attack −10∼15◦, the NACA
4412 airfoil takes the largest CL and CL / CD. On the other
hand, the NACA 4412 airfoil causes large variation of CM .
In case of theNACAm18 airfoil, values of theCL andCL /CD
are the second largest and variation of CM is relatively small.
Because large variation of CM causes flight instability during
the transition and horizontal flight, the NACA m18 airfoil
is selected, instead of the NACA 4412 airfoil, for the UAV.
In [41], the CLmax of the NACA m18 airfoil with infinite
span wing is approximately 1.32 when the angle of attack is
roughly 10◦. According to [39], 90% of CLmax corresponding
to infinite span wing can be used for finite span wing. This
discounted value of CLmax is used for equation (1).
The thrust-to-weight ratio to achieve target cruise speed in

level flight is given in [39] as follows

T
W
=

1
2
ρV 2

d
CD0

(WS )
+

2

ρV 2
d

K (
W
S
) (2)

where T ,V d ,CD0 ,K represent thrust with the unit N, tar-
get cruise speed, overall profile drag of UAV, induced drag
factor, respectively. The overall profile drag of the UAV is
obtained as 0.043 from the aerodynamic analysis presented
in subsection II.C. The induced drag factor K is given in [39]
by 1

π (AR)e , where AR represents aspect ratio (≡ total wing
span/chord length) and e represents Oswald span efficiency.
Empirical equation of Oswald span efficiency with subsonic
UAV is given by

e = 1.78
(
1− 0.045 AR0.68

)
− 0.64 (3)

Since the thrust-to-weight ratio in equation (2) is a parameter-
ized function of wing loading in equation (1), variation of the
thrust-to-weight ratio can be shown in Fig.4 with the range
of parameter AR 5∼8. With the discounted CLmax =1.32 ×
0.9, the wing loading by equation (1) is roughly 105N/m2.
Considering a design margin, wing loading is set to 100N/m2.
Typically, the AR in the range of 5∼8 is considered for

small UAVs [40]. Large AR increases the slope of CL and

TABLE 1. Parameters of UAV design.

the value of CLmax , but decreases the deflection angle causing
stall [39]. Because large slope of CL between two different
angles of attack is more favorable to maneuvers of the UAV
controlling main wings individually, value of AR is set to 7
with wing loading 100N/m2. The ‘‘x’’ marked point in
Fig.4 at the wing loading 100N/m2 indicates desired thrust-
to-weight ratio.

When the weight of the UAV is 2×9.8N, 0.1962m2 of wing
surface area is required to satisfy the wing loading 100N/m2.
From this finding, 15cm of wing chord length and 90cm of
main wing span as well as 40cm of horizontal stabilizer span
are decided, e.g., 0.15×(0.9+0.4)≈ 0.196m2. Angle of attack
of horizontal stabilizer is set to 3◦. With the width of fuselage
of the UAV 15cm, the total wing span is 105cm and the
AR of the UAV is 7. From the thrust-to-weight ratio 0.1275
matching with wing loading 100N/m2, as shown in Fig.4,
2.5N of thrust is required for the cruise speed 20m/s. This
requirement is considered when the actuators are selected
in subsection III.B. Overall design parameters are listed
in TABLE 1.

C. AERODYNAMIC ANALYSIS
The aerodynamic lift force equation is given as follows

Lift Force =
1
2
ρv2sCL (4)

where v represents airspeed. The force generated by the main
wing of the proposed UAV is larger than the force generated
by the aileron of conventional UAVs, because large control
surface area of main wing is deflected. Large difference of
these forces obtained from individually tilted main wings
allows agile maneuvers of the UAV. To see the effect of
individual control of main wings, flow simulation is con-
ducted by the ANSYS fluent R© 15.0 software. For valida-
tion of simulation results with the 3-Dimensional NACA
m18 airfoil in Fig.5(a) with 15cm chord length and 45cm
half wing span, airfoil data of NACA m18 adopted from [41]
are compared as shown in Fig.5(b). Note that both data are
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FIGURE 5. Simulation for validation of simulation results and comparison
of tilt wing with aileron: (a) NACA m18 airfoil and mesh for validation of
simulation results; (b) comparison of simulation results with airfoil data
in [41]; (c) wing and aileron used for simulation; (d) lift force generated
by tilt wing and aileron.

obtained with common Reynolds number 2×105 and the air-
foil shown in Fig.5(a) only shows the cross-section of airfoil
with 15cm chord length. As shown in Fig.5(b), simulation
results (SimulationData) are close to airfoil data (M18Airfoil
Data), validating simulation results. However, the maximum
lift coefficient CLmax and the slope of lift coefficient CL of
simulation results are lower, because of the effect of finite

FIGURE 6. Result of aerodynamic analysis and drag polar of the UAV:
(a) aerodynamic analysis; (b) drag polar.

span of wing. Since the simulation results are close to the
airfoil data, simulation results obtained from the S/W tool can
be considered reliable.

Figure 5(c) shows a wing with a plain flap type of aileron.
Relative size of the aileron is determined according to that
of the Canadair R© CL-84. The relative size of the aileron
is within the historical guideline stated in [39]. Deflection
angle of tilt wing represents tilt angle of entire wing, while
for fixed wing it indicates that of the aileron. Angle of
attack of the fixed wing with aileron is set to 0◦. As seen
in Fig.5(d), large change of lift force occurs according to the
deflection angle of tilt wing (Proposed UAV), while aileron
(Fixed wing aileron) causes small variation of lift force.
Such large difference of lift force between main wings, due
to different deflection angles, leads to agile maneuvers of
the UAV. As seen in Fig.5(d), wing tilting causes a stall
beyond 15◦ of deflection angle.
In Figure 6(a), aerodynamic analysis of the UAV is pre-

sented. It depicts total pressure contour of the UAV with
20m/s inlet airflow speed and 5◦ of angle of attack. Blue
area on the top of fuselage represents relatively low pressure.
Pressure difference between top and bottom (not shown here)
of the fuselage creates the lift force on the body. Red area in
the front of the fuselage represents relatively high pressure.
Estimated drag polar of the UAV according to the deflection
angle of tilt wing is shown in Fig.6(b) based on the results
of aerodynamic analysis. The drag polar shows that overall
profile drag CD0 , which is the minimum value of CD, of the
UAV is 0.043.
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FIGURE 7. Prototype of proposed UAV.

III. PROTOTYPE AND MATHEMATICAL MODEL
Based on the analytic design process in Section II, prototype
of the UAV is to be developed in this section. Mathematical
model derived by the Newton-Euler formulation is to prove
agile roll maneuver, which represents the most important
benefit obtained from individually tilted main wings.

A. PROTOTYPE OF THE UAV
Figure 7 shows the prototype of the proposed UAV. For
lightweight structure with mechanical strength, the connec-
tors and holders shown in Fig.2(b) are made up of polylactic
acid material. Carbon pipe is used to connect the front part
to the tail part, as shown in Fig.2(a). Expanded polypropy-
lene foam is used for the wings. Lightweight isopink foam
having high resistance of moisture is used for the fuselage.
Horizontal stabilizer is for generation of additional lift force
during the transition and horizontal flight. Total span of the
prototype is 105cm and chord length is 15cm and total weight
of the prototype is 2.03× 9.8N.

B. AVIONICS COMPONENTS
The prototype includes various avionics components. Entire
avionics of the proposed UAV are shown in Fig.8 and
explained as follows.

1) CONTROL BOARD AND SENSORS
The ARM R© Cortex M4 with a clock speed 168MHz
and computing power of 252MIPS is used as microcon-
troller. This microcontroller is embedded in a Pixhawk R©

flight control board. The Pixhawk R© control board includes
3-axis L3GD20H 16bit gyroscope, 3-axis ST electronics
LSM303D 14bit accelerometer, 3-axis magnetometer, and an
MS5611 barometer. A sonar to compensate the uncertainty of
the barometer is also aboard. The Neo M8N GPS module in
conjunction with the magnetometer provides position infor-
mation. An analog airspeed sensor is aboard to measure the
airspeed during flight.

2) ACTUATORS
The Scorpion R© M3011 760kv BLDC motors are used for
rotating propellers. Each BLDC motor requires an electric
speed controller (ESC). The HobbyKing R© 30A ESC is used
as motor driver. The APC R©10 × 3.8 composite propellers
LP10038SF and LP10038SFP are used to generate thrust for
the flight operations. With a combination of propeller and

FIGURE 8. Avionics of prototype and relevant communication modules.

FIGURE 9. Results of thrust experiment.

BLDC motor, experiment to measure thrust is conducted.
Results of the thrust experiment are shown in Fig.9.

Since the thrust shown in Fig.9 is obtained with a pair
of BLDC motor and propeller, overall thrust of the pro-
posed UAV is 3 times the thrust obtained by the experi-
ment. As a consequence, the required thrust 2.5N for 20m/s
desired speed of cruise flight, specified in subsection II.B,
and the thrust (≈20N) for the vertical take-off in vertical
flight mode are satisfied when the rpm of 3 BLDC motors
exceeds around 6500. Results of experiment demonstrate a
linear relation between squared rotational speed and thrust
as depicted in Fig.9. This linear relationship is expressed
as

Fth = kω2 (5)

where Fth and ω represent thrust and rotational speed, respec-
tively. The constant k obtained from the results in Fig. 9 is
1.85×10−7N/rpm2. The Tower Pro R© MG996R servo motor
is used to tilt the main wings and tail BLDC motor. It gener-
ates 9.40kg·cm torque and provides 60◦/0.17s angular speed
with holding position between 0 to 18◦. All the ESCs and
servo motors are controlled by the Pixhawk R© control board
via its pulse width modulation output.
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TABLE 2. Technical specification of prototype.

FIGURE 10. Coordinate Frames and external forces relevant to
proposed UAV.

3) RC TRANSMITTER/RECEIVER AND TELEMETRY
The Futaba R© T10J is used as an RC transmitter to send target
angle to the UAV. Futaba R© R3008SB is used as the receiver
to receive the target angle. Telemetry ground module and
telemetry air module are connected by serial communication.

4) BATTERY
The Lightmax R©ZIPPY Lithium Polymer (Lipo) 4 cell bat-
tery with capacity of 5000mAh and discharge rate 20C is
used to supply electric energy to the proposed UAV. Technical
specification of the prototype is listed in TABLE 2.

C. MATHEMATICAL MODEL
Dynamic model of the proposed UAV is established via the
Newton–Euler formulation. Mathematical expression of indi-
vidual wing control can explain agile roll maneuver during
the horizontal flight.

1) COORDINATE FRAMES
Two reference frames, global frame (Og,Xg,Yg,Zg) and body
frame (Ob,Xb,Yb,Zb), are considered as in Fig.10. In the
global frame, Xg,Yg, Zg indicate east, north, downward direc-
tion, respectively. The Og represents the center of the global
frame. In the body frame, Xb, Yb, Zb indicate front, right,
downward direction of the vehicle, respectively. TheOb is the

center of mass of the proposed UAV. A rotation matrix Rb→g
and a transformation matrix Jb→g [42], [43] that can be used
to transfer linear speed and angular speed to the global frame
are as follows

Rb→g =

 cψcθ cψ sθ sφ − sψcφ cψ sθcφ + sψ sφ
sψcθ sψ sθ sφ + cψcφ sψ sθcφ − cψ sφ
−sθ cθ sφ cθcφ

 (6)

Jb→g =

 1 sφsθ/cθ cφsθ/cθ
0 cφ − sφ
0 sφ/cθ cφ/cθ

 (7)

where φ, θ, ψ indicate roll angle, pitch angle, yaw angle
of the global frame and c(·), s(·) denote cos (·), sin(·),
respectively.

2) DYNAMIC EQUATION
Proposed UAV is considered as a rigid body with six degrees
of freedom. Dynamic model of the proposed UAV derived via
the Newton-Euler formulation can be shown as[

mI 0
0 Ib

] [
V̇b
�̇b

]
+

[
�b × mV b
�b × (Ib�b)

]
=

[
Ft
Mt

]
(8)

where matrix and vector quantities in the global and body
frames are indicated by subscripts g and b, respectively. The
mass matrix m is diag(m,m,m) and the inertia matrix of
the vehicle Ib is diag

(
Ixx , Iyy, Izz

)
where Ixx , Iyy, Izz represent

moment of inertia about Xb,Yb,Zb-axis, respectively. The
identity matrix I and zero matrix 0 are 3×3matrices. The lin-
ear speed in the body frame is denoted as Vb = [vx , vy, vz]T,
where the vx , vy, vz represent linear speed along Xb,Yb,Zb
direction, respectively. The time derivative of linear speed is
denoted as V̇b. The angular speed in the body frame is defined
as�b = [p, q, r]T, where p, q, r represent roll rate, pitch rate,
yaw rate, respectively. The time derivative of angular speed
is denoted as �̇b. The 3 × 3 matrices Ft and Mt in equa-
tion (8) stand for total external forces and moments acting
on the center of mass of UAV. These equations defined in the
body frame can transform to the global frame by rotational
matrix Rb→g and transformation Jb→g in equations (6), (7)
as follows [

Ṗg
2̇g

]
=

[
Rb→g 0
0 Jb→g

] [
Vb
�b

]
(9)

where position vector defined in the global frame is denoted
as Pg = [x, y, z]T, where the x, y, z represent global position
along Xg,Yg,Zg directions, respectively. The orientation vec-
tor defined in the global frame is denoted as2g = [φ, θ, ψ]T.

3) FORCE EQUATION
Figure 10 shows the external forces and moments generated
on the proposed UAV horizontal mode. The total force Ft
in equation (8) includes the thrust of the BLDC motors Fth,
aerodynamic forces on the wings Fw, gravity force on
theUAV, and disturbances Fd that come from the environment
such as gust. These forces are defined in the body frame as
follows

Ft = Fth + Fw + [−sθ , cθ sφ, cθcφ]
Tmg+ Fd (10)
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where

Fth =

 cθ1 cθ2 cθ3
0 0 0
−sθ1 −sθ2 −sθ3


 kω

2
1

kω2
2

kω2
3

 (11)

where thrust along Yb direction is 0 and θi, where i = 1,2,3,
denotes tilt angles of main wings and tail BLDC motor with
respect to Xb axis of the body frame. The motor thrust kω2

i is
obtained by equation (5). The Fw is given by

Fw =

 (F1
D + F

2
D + F

4
D + F

5
D)

0
(F1

L + F
2
L + F

4
L + F

5
L )

 (12)

where aerodynamic force along Yb direction is considered
as 0. Superscripts 1, 2 represent main wings and 4, 5 indicate
horizontal stabilizers. The lift force F iL(θi) and drag force
F iD(θi) of the main wings are expressed in terms of θ1 and θ2
and those of the horizontal stabilizers are expressed in terms
of θ4 and θ5 as followingF iD0

F iL

=

−
1
2
ρv2sCD (θi)

0

−
1
2
ρv2sCL (θi)

 (for i = 1, 2, 4, 5) (13)

where the drag coefficientCD and lift coefficientCL are func-
tions of θi. The individual wing control produces different
angles of attack of the main wings. Different angles of attack
of main wings can create large difference of lift force. Note
that the angles of attack of horizontal stabilizers are fixed at
θ4 = θ5 = 3◦.

4) MOMENT EQUATION
The total moment Mt in equation (8) consists of the moments
created by the rotors Mth, aerodynamic forces generated
by the wings Mw, gyroscopic effect in the propellers, and
moments due to the external disturbances Md . The exter-
nal disturbances include torques created by the aerody-
namic forces caused by asymmetric fuselage. The Mt can be
described as

Mt = (Mth +Mw +
∑3

i=1
Jprop[ηi�b × [cθi , 0,−sθi ]

T]

+Md ) (14)

where Jprop is rotational inertia of rotors about rotor axes and
parameter ηi(i = 1, 2, 3) indicating rotational direction takes
values −1, 1, 1 for i = 1, 2, 3, respectively. The Mth is given
as

Mth

=

−dmysθ1 + λcθ1 dmysθ2 − λcθ2 − λcθ3
dmxsθ1 − dmzcθ1 dmxsθ2 − dmzcθ2 − dtxsθ3 + dtzcθ3
−dmycθ1 − λsθ1 dmycθ2 + λsθ2 λsθ3


×

 kω2
1

kω2
2

kω2
3

 (15)

where d indicates projected distance between each BLDC
motor and center of mass of the UAV. Subscripts m, t, x, y, and
z indicate a BLDC motor mounted on a main wing, BLDC
motor in tail part, x direction, y direction, and z direction in
the body frame, respectively. For example, dmy means the y-
projected distance between the BLDC motor mounted on the
main wing and center of mass of the UAV. Reaction torque
of the i-th rotor is defined as Ti = λkω2

i , where the λ is the
torque/force ratio of the rotor. Range of λ for typical propeller
used for small UAV is 0.01-0.05 [36]. The Mw is given by

Mw=

 −`wy
(
F1
L − F

2
L

)
− `ty(F4

L − F
5
L )

`wx
(
F1
L + F

2
L )− `tx(F

4
L + F

5
L

)
− `tz(F4

D + F
5
D)

`wy
(
F1
D − F

2
D

)
+ `ty(F4

D − F
5
D)


(16)

where the ` indicates distance between each wing and center
of mass of the UAV. Subscript w, t indicate center of wing,
center of stabilizer, respectively. For example, `ty represents
projected distance between each center of stabilizer and cen-
ter of mass of the UAV along Yb-axis. Due to symmetricity
of the UAV along Xb-axis, `ty for left wing and `ty for right
wing are identical. The moment Mt in equation (14) can be
expressed as [Mx ,My,Mz]T,where theMx ,My,M z represent
the moments creating roll, pitch, yaw operations, respec-
tively, neglecting gyroscopic effect and external disturbances,
and shown as follows

Mx = −dmy
(
F1sθ1 − F2sθ2

)
+T1cθ1 − T2cθ2 − T3cθ3

− `wy

(
F1
L − F

2
L

)
− `ty(F4

L − F
5
L ) (17)

My = dmx
(
F1sθ1 + F2sθ2

)
− dmz

(
F1cθ1 + F2cθ2

)
− dtxF3sθ3+dtzF3cθ3+`wx

(
F1
L+F

2
L )−`tx(F

4
L+F

5
L

)
− `tz(F4

D + F
5
D) (18)

Mz = −dmy
(
F1cθ1 − F2cθ2

)
−T1sθ1 + T2sθ2 + T3sθ3

+ `wy

(
F1
D − F

2
D

)
+ `ty

(
F4
D − F

5
D

)
(19)

In the horizontal flight, moment Mx creating rotation about
Xb -axis is concerned with roll operation. Euler equation
in equation (8) for roll operation in the body frame can be
expressed as follows

ṗ =
1
Ixx
{
(
Iyy − Izz

)
qr+M x} (20)

The transformation equation from body to global frame in
equation (9) for roll operation is defined as follows

φ̇ = p+ sφsθ/cθq+ cφsθ/cθ r (21)

When pitch and yaw operations are stable, the pitch rate q and
yaw rate r defined in the body frame are close to 0. Therefore,
equations (20) and (21) can be expressed as ṗ ≈ Mx/Ixx and
φ̇ ≈ p =

∫
ṗdt . Because the effects of thrust and torque in

equation (17), e.g., −dmy
(
F1sθ1 − F2sθ2

)
+T1cθ1 − T2cθ2 −

T3cθ3 , are relatively small during the cruise flight, wing
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TABLE 3. Projected distances and moment of inertia.

forces become critical. The equation (21) together with equa-
tions (17), (20) can be rewritten as follows

φ̇≈

∫
{

[
−`wy

(
F1
L − F

2
L

)
−`ty

(
F4
L−F

5
L

)]
/Ixx}dt (22)

Individual control of main wings can make different angles of
attack of main wings. When main wings are tilted in opposite
directions, the |F1

L − F2
L | in equation (22) becomes large,

causing agile roll operation. It is noted that |F1
L − F2

L | �

|F4
L − F

5
L | due to significantly larger main wings.

The projected distances between center of mass of the UAV
and each BLDCmotor, projected distances between center of
mass of the UAV and each wing, and moment of inertia about
each axis are listed in TABLE 3.

IV. CONTROL MODEL AND TRANSITION PROCESS
To achieve flight stability in vertical and horizontal flight
modes, the Ardupilot code on the Pixhawk R© board is mod-
ified for the implementation of the controllers. These con-
trollers are implemented with several parameters related to
the propulsion system, aerodynamic forces, gravity force, and
disturbances. Allocations of the outputs of PID controller/PI
controller to six actuators(motors) are configured to be fit to
the attitude maneuvers of the UAV. Mathematical validation
for the output allocation, similar to those in [44]–[46], is pre-
sented in this section, considering that the main difference
of control model for the proposed UAV is to allocate distinct
outputs to two motors for main wings. The transition process

from the vertical mode to the horizontal mode is customized
to serve the flight operations of the proposed UAV. It is
possible to use VTOL configuration of the Ardupilot in the
vertical flight. However, without the modification, forward
transition and horizontal flight of the proposed UAV perform-
ing individual control of main wings cannot be performed
properly. The code of the Ardupilot for roll operation in
the horizontal flight should be modified, due to individual
control of main wings. Also, because proposed UAV does not
have an elevator, the code for the pitch operation during the
horizontal flight and transition needs to be modified. Tilting
entire wing surfaces or tail motor increases the agility of the
flight, but it reduces stability during the horizontal flight and
forward transition. This requires additional modification of
the code. The transition process from the vertical mode to the
horizontal mode is customized. In this section, control model
with output allocation and transition process are presented.

A. CONTROL MODEL FOR VERTICAL FLIGHT MODE
The external moment equation suitable for hovering state
in vertical mode is as follows. The equation (17) cor-
responding to roll operation can be approximated by
dmy

(
F1sθ1 − F2sθ2

) [
= −dmy

(
kω2

1 − kω
2
2

)]
, because small

λ of Ti(i = 1, 2, 3) and wing lift force F iL(i = 1, 2, 4, 5)
are negligible. The sθ1 (= sin(θ1)) and sθ2 (= sin(θ2))
are 1, since θ1 = θ2 = 90◦ in roll operation. Therefore,
T1cθ1 − T2cθ2 − T3cθ3 − `wy

(
F1
L − F

2
L

)
− `ty

(
F4
L − F

5
L

)
is significantly smaller than dmy

(
F1sθ1 − F2sθ2

)
and thus

can be neglected. The equation (18) accounting for pitch
operation can also be approximated by dmx

(
F1sθ1 + F2sθ2

)
−

dtxF3sθ3
[
= dmx

(
kω2

1 + kω
2
2

)
− dtxkω2

3

]
, because

cθ1 (=cos(θ1)) and cθ2 (=cos(θ2)) and cθ3 (=cos(θ3)) are 0
with θ1 = θ2 = θ3 = 90◦ in pitch operation
and `wx

(
F1
L + F

2
L )−`tx(F

4
L + F

5
L

)
− `tz

(
F4
D + F

5
D

)
is sig-

nificantly smaller than dmx
(
F1sθ1 + F2sθ2

)
− dtxF3sθ3[

= dmx
(
kω2

1 + kω
2
2

)
− dtxkω2

3

]
. The equation (19) cor-

responding to yaw operation can be approximated by
dmy

(
F1cθ1 − F2cθ2

)
+ T3sθ3 [= −dmy

(
kω2

1cθ1 − kω
2
2cθ2

)
+

λkω2
3]. The −T1sθ1 + T2sθ2 becomes 0 due to the rela-

tionship θ1 = 90◦ − 1, θ2 = 90◦ + 1 and
`wy

(
F1
D − F

2
D

)
+ `ty

(
F4
D − F

5
D

)
is significantly smaller than

−dmy
(
F1cθ1 − F2cθ2

)
+ T3sθ3 . From foregoing discussion,

theMx ,My,M z in equations (17), (18), (19) can be rewritten
as follows

Mx = −dmy(kω2
1 − kω

2
2) (23)

My = dmx
(
kω2

1 + kω
2
2

)
− dtxkω2

3 (24)

Mz = −dmy
(
kω2

1cθ1 − kω
2
2cθ2

)
+ λkω2

3 (25)

As seen in the equation of Mx in equation (23), rotational
speed of right BLDC motor ω1 and rotational speed of left
BLDC motor ω2 are required for roll operation. The My
accounting for variation of pitch operation is pertinent to the
rotation about Yb-axis. For My in equation (24), ω1, ω2, ω3
are required. The reaction torque in vertical flight mode of the
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FIGURE 11. Vertical flight controller and mixer: (a) PID controller for
attitude operations; (b) vertical flight mode mixer.

UAV is compensated during yaw operation. For the compen-
sation of reaction torque during yaw operation, the 3rd term in
equation (25) accounting for the reaction torque T3 = λkω2

3

should satisfy T3 = dwy
(
kω2

1cθ1 − kω
2
2cθ2

)
. It is noted that

in yaw operation the angles of servo motors θ1, θ2 can be
acute or obtuse.

The vertical flight mode of the proposed UAV is exe-
cuted by the control of the PID controller. Figure 11 shows
the functional block diagrams for the attitude control and
mixer for flight operations in the vertical mode. Figure 11(a)
shows the PID controller for roll, pitch, and yaw operations
in vertical mode. The PID controller controls the power
of every motor, except the tail servo motor, to meet the
target angle in vertical mode. In vertical mode, the tail
BLDC motor is always erected downward. For each oper-
ation, the PID controller for vertical flight can be given as
follows

Uφ =Kp,φ (pt − p)+Ki,φ

∫
(pt − p)+Kd,φ(pt − p) (26)

Uθ =Kp,θ (qt − q)+Ki,θ

∫
(qt − q)+Kd,θ (qt − q) (27)

Uψ =Kp,ψ (rt − r)+Ki,ψ

∫
(rt − r)+Kd,ψ (rt − r) (28)

where Uφ,Uθ ,Uψ represent the outputs of each PID con-
trollers for roll, pitch, yaw operation, respectively. The Kp,

TABLE 4. Gains of PID controllers for vertical flight mode.

Ki, Kd represent the gains of the PID controller. Subscript
φ, θ, ψ respectively indicate roll, pitch, yaw operation. The
p, q, r represent the roll rate, pitch rate, and yaw rate in
the body frame, respectively. Subscript t in equations (26),
(27), (28) represent target values. Target angle is given by
RC transmitter and consequent target rate is evaluated from
target angle. For example, target yaw rate rt = Kr (ψt − ψ)
where the gain Kr is a proportional constant in conver-
sion of yaw angle error to target yaw rate. Each output of
the PID controller and throttle input Ut , given by the RC
transmitter, go to the mixer shown in Fig.11(b). The mixer
represents all the connections between the outputs of the
PID controller and actuators and between throttle input and
BLDCmotors. From foregoing procedures, control allocation
to 3 servo motors and 3 BLDC motors can be given as
follows

ω1 = −Uφ + Uθ + Ut (29)

ω2 = Uφ + Uθ + Ut (30)

ω3 = −Uθ + Ut (31)

θ1 = 90◦ − Uψ (32)

θ2 = 90◦ + Uψ (33)

θ3 = 90◦ (34)

The rotational speeds of right and left BLDC motors ω1, ω2
determine the moment creating roll operation in vertical
flight mode as described in equation (23). Considering the
mechanism of roll operation, output of the PID controller
in charge of roll operation Uφ goes to the right BLDC
motor with negative sign and goes to the left BLDC motor.
Other terms Uθ ,Ut are commonly taken for ω1, ω2. As a
consequence, differential rotational speed of right BLDC
motor with respect to left BLDC motor creates roll opera-
tion described in equation (23). In case of pitch operation
in equation (24), the output of the PID controller for pitch
operation Uθ should be commonly used to determine ω1, ω2,
ω3. Direction of pitch operation, either nose up or nose down,
is determined by the rotational speed of tail BLDC motor
ω3 relative to ω1, ω2, as shown in equation (24). For yaw
operation, tilt angle of right servo motor θ1 is 90◦ − Uψ and
tilt angle of left servo motor θ2 is 90◦ + Uψ , as expected.
Tilt angle of tail servo motor during vertical flight is fixed
at θ3 = 90◦. The adjustment of angles θ1, θ2, θ3 with the
bias 90◦ is not shown in Fig.11(b). The gains Kp,Ki,Kd of
PID controllers for vertical flight mode are listed for each
operation in TABLE 4.

46762 VOLUME 8, 2020



K.-J. Nam et al.: Tri-Copter UAV With Individually Tilted Main Wings for Flight Maneuvers

B. CONTROL MODEL FOR HORIZONTAL FLIGHT MODE
The external moment equation suitable for cruise flight in
horizontal mode is as follows. During cruise flight, main
wings affect the flight operation significantly more than
the stabilizer, because of much larger wing size. The equa-
tion (17) corresponding to roll operation can be approxi-
mated by −`wy

(
F1
L − F

2
L

)
− `ty

(
F4
L − F

5
L

)
, because Fi is

relatively small during the cruise flight and small λ of Ti
(i = 1, 2, 3) makes Ti negligible. It is noted that the sum
of thrusts F1 + F2 + F3 for cruise flight is about 2.4N,
whereas the sum of thrusts for hovering is about 20N as
mentioned in subsection III.B. Therefore, −dmy(F1sθ1 −
F2sθ2 ) + T1cθ1 − T2cθ2 − T3cθ3 is significantly smaller
than −`wy

(
F1
L − F

2
L

)
− `ty(F4

L − F5
L ) and thus can be

neglected. The equation (18) accounting for pitch opera-
tion can also be approximated by −dtxF3sθ3 + dtzF3cθ3 [=
−dtxkω2

3sθ3 + dtzkω2
3cθ3 ] for thrust vectoring, because small

Fi (i = 1, 2) in dmx
(
F1sθ1 + F2sθ2

)
− dmz

(
F1cθ1 + F2cθ2

)
and `wx

(
F1
L + F

2
L )−`tx(F

4
L + F

5
L

)
− `tz(F4

D + F5
D) ≈ 0

for the longitudinal static stability [39] are negligible.
Therefore, dmx

(
F1sθ1 + F2sθ2

)
− dmz

(
F1cθ1 + F2cθ2

)
+

`wx
(
F1
L + F

2
L )−`tx(F

4
L + F

5
L

)
−`tz(F4

D+F
5
D) is significantly

smaller than −dtxkω2
3sθ3 + dtzkω2

3cθ3 . The equation (19)
corresponding to yaw operation can be approximated
by −dmy

(
F1cθ1 − F2cθ2

)
[= −dmy

(
kω2

1cθ1 − kω
2
2cθ2

)
],

because small λ of Ti (i = 1, 2, 3) is negligible and the
angles of wings during the cruise flight are static and equal to
each other, i.e., F1

D = F2
D. Therefore,−T1sθ1 + T2sθ2+T3sθ3

and `wy
(
F1
D − F

2
D

)
+ `ty

(
F4
D − F

5
D

)
are significantly smaller

than −dmy
(
F1cθ1 − F2cθ2

) [
= −dmy

(
kω2

1cθ1 − kω
2
2cθ2

)]
.

From foregoing discussion, the Mx ,My,M z in equa-
tions (17), (18), (19) can be rewritten as follows

Mx = −`wy

(
F1
L − F

2
L

)
− `ty

(
F4
L − F

5
L

)
(35)

My = −dtxkω2
3sθ3 + dtzkω2

3cθ3 (36)

Mz = −dmy
(
kω2

1cθ1 − kω
2
2cθ2

)
(37)

As seen in the equation of Mx in equation (35), wing forces
of F1

L ,F
2
L , are functions of tilt angles of right servo motor

θ1 and tilt angle of left servo motor θ2, respectively. It is
noted that |F1

L − F
2
L | � |F

4
L − F

5
L | during the roll operation

in horizontal flight, due to significantly small stabilizers,
as compared to main wings. The My accounting for pitch
operation is pertinent to the rotation about Yb-axis. For My
in equation (36), θ3, ω3 are required for thrust vectoring. For
theMz in equation (37), rotational speed of right BLDCmotor
ω1 and rotational speed of left BLDC motor ω2 are required
for yaw operation.

The horizontal flight mode of the proposed UAV is exe-
cuted by the control of the PID controller and PI controller.
Figure 12 shows the functional block diagrams for the atti-
tude control and mixer for flight operations in the horizon-
tal mode. Attitude control by the PID controller is shown

FIGURE 12. Horizontal flight controller and mixer: (a) PID controller for
roll operation; (b) PID controller for pitch operation; (c) PI controller for
yaw operation; (d) horizontal flight mode mixer.

in Fig.12(a-b) and that by the PI controller is depicted in
Fig.12(c). There are target angles set for the roll and pitch
operations whereas target angle is not set for yaw opera-
tion. Figure 12(a) shows the part of PID controller rele-
vant to roll operation. The roll output Uφ is mathematically
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presented as

Uφ =
Ka
v
[Kp,φ (φt − φ)+ Ki,φ

∫
(φt − φ)

+Kd,φ{
Ka
v
(pt − p)}] (38)

where the φt and φ represent the target pitch angle given by
the RC transmitter and pitch angle of UAV. The pt , p, v and
Ka represent the target roll rate, roll rate of the UAV, airspeed,
and gain for airspeed, respectively. Figure 12(b) shows the
part of PID controller relevant to pitch operation. The pitch
output Uθ is presented as

Uθ =Kp,θ (θt − θ)+Ki,θ

∫
(θt − θ)+Kd,θ (qt − q) (39)

where θt and θ represent the target pitch angle given by the
RC transmitter and pitch angle of UAV. The qt and q represent
the target pitch rate and pitch rate of the UAV. Tilting main
wings individually for roll operation generates uneven drag
force and thus creates the sideslip [47]. The UAV reduces the
sideslip during roll operation by accompanied yaw operation
executed by the PI controller. In Fig.12(c), the yaw rate and
Yb-direction acceleration are appropriately adjusted by the
PI controller. The yaw output Uψ is obtained as

Uψ = Kp,ψ (Kaccay + r)+ Ki,ψ

∫ (
Kaccay + r

)
(40)

where Kacc represents gains for Yb-directional acceleration,
and ay, r are Yb-directional acceleration, yaw rate in the body
frame, respectively. Outputs of the PID controller/PI con-
troller and throttle input go to the mixer shown in Fig.12(d).
From foregoing procedures, control allocation to 3 servo
motors and 3 BLDC motors can be given as follows

ω1 = −Uψ + Ut (41)

ω2 = Uψ + Ut (42)

ω3 = |U θ | + Ut (43)

θ1 = Uh−sat(Uφ,Uφmax) (44)

θ2 = Uh + sat(Uφ,Uφmax) (45)

θ3 = Uθ (46)

where sat(x1, x2) is a saturation function that limits x1 within
the range [−x2, x2] and Uφmax is the maximum allowed Uφ
to avoid stall of main wings. The tilt angles of right and
left servo motors θ1, θ2 determine the moment creating roll
operation in horizontal mode as implied in equation (35).
Considering the mechanism of roll operation, output of the
PID controller in charge of roll operation Uφ goes to the
right servo motor with negative sign and goes to the left
servo motor. The Uh is the typical angle of attack of fixed
wings, which is close to 5◦. As a consequence, differential
tilt angles of right servo motor with respect to left servo
motor creates roll operation described in equation (35). The
adjustment of angles θ1, θ2 with the bias Uh is not shown
in Fig.12(d). In case of pitch operation in equation (36), the
output of the PID controller for pitch operation Uθ should

TABLE 5. Gains of PID/PI controllers for horizontal flight mode.

be used to determine θ3, ω3. Direction of pitch operation,
either nose up or nose down, is determined by the thrust
vectoring based on θ3, ω3, as shown in equation (36). For
yaw operation, rotational speed of right BLDC motor ω1 is
−Uψ + Ut and rotational speed of left BLDC motor ω2 is
Uψ + Ut as expected. The gains of PID/PI controllers for
horizontal flight mode are listed in TABLE 5. The mark ‘‘x’’
in TABLE 5 represents that no gain is assigned.

C. TRANSITION PROCESS FOR TESTING
In general, the transition from vertical mode to horizontal
mode is problematic with the hybrid UAVs. During this
transition, nonlinear aspect of the lift force on the wings
introduces undesirable instability of the UAVs. The transition
process for testing is conducted in a fashion as follows

1.With a command for the forward transition in the vertical
flight mode, proposedUAV starts tiltingmainwings while the
angle of tail BLDC motor is adjusted as much as the tilting
angle of the main wings.

2. To avoid instability during tilting main wings, PID con-
troller for pitch operation in horizontal flight mode adjusts
the angle of tail BLDC motor simultaneously.

3. Reaction torque of tail motor during forward transi-
tion is compensated by wing tilt mechanism controlled by
PID controller for vertical flight mode. When the UAV
reaches desired airspeed Vdes, target yaw angle is set to
current vehicle heading.

4. When desired airspeed is sustained more than Tdes
seconds, main wings are tilted all the way forward. While
main wings are tilted, the angle of tail rotor is adjusted by
PID controller for pitch operation.

5. The PID controller for vertical flight mode is switched
to the PID controller for horizontal flight mode when main
wings laid completely.

By trial-and-errors, it is found that proper values of Vdes
and Tdes are approximately 10m/s, 2.5s, respectively. Back-
ward transition is conducted by tilting main wings and tail
BLDC motor vertically along with switching of the PID/PI
controller for horizontal flight mode to the PID controller for
vertical flight mode.

Following the forward and backward transitions specified
above, mode transition of the proposed UAV is tested in
experiments.

V. RESULTS OF SIMULATIONS AND EXPERIMENTS
In this section, the PID controller/PI controller presented in
Section IV is implemented by Matlab R© and Simulink R© for
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FIGURE 13. Flow chart of forward transition.

FIGURE 14. UAV with ailerons and propellers used for simulations.
Proposed UAV with individual wing control takes the same dimensions as
those of this UAV.

simulations and experiments. The X-plane R© is used as the
flight simulator. Simulation results are mainly to show that
the roll rate of the UAV during the cruise flight is signifi-
cantly increased over the UAV with ailerons. Experimental
results are to demonstrate that the UAV can perform various
maneuvers successfully.

A. SIMULATIONS OF HORIZONTAL FLIGHT
Effect of individual control of main wings in relation to the
control of ailerons is observed by simulations rather than by
experiments. For experiments, a replica of the proposed UAV
with ailerons, dedicated control circuits for the ailerons, addi-
tional actuators, and additional control programs are needed.
Simulation results with the UAV capable of separate control
of main wings and other UAV with ailerons are obtained
for the horizontal mode by X-plane R© flight simulator and
Matlab/Simulink R©. Since flight simulation with small UAV
often leads to erroneous behavior of it, the UAV is scaled
up as shown in Fig.14. Proportion of the area of the aileron
is adjusted to that of Canadair R© CL-84. The UAV with
individual control of main wings without ailerons and the
UAV with ailerons use identical fuselage and main wings.
Total weight (mass) of the UAV is 500kg.

Figure 15 shows simulation results obtained in horizontal
flight mode. Range of the speed of both UAVs is 75-82m/s,
as shown in Fig.15(a). Allowed range of deflection angle of

the ailerons is 0◦ ∼ 20◦, which is typical range of practical
ailerons. Roll operation with roll angle 70◦ is commanded by
pulse inputs issued with 5s interval when each UAV flies at
80m/s, as seen in Fig.15(b). Duration of each pulse input is
0.5s. Variation of roll and pitch angles of the proposed UAV
to meet the target roll angle is shown in Fig.15(b) together
with that of the UAV with ailerons. It is shown in Fig.15(b)
that the UAV with ailerons cannot execute the command
properly. The UAV with ailerons just achieves 50◦ ∼ 60◦ of
roll angle, whereas the proposed UAV fulfills the command.
In order to execute the command, deflection angles of the
main wings of the proposed UAV are ±13◦, while they are
±20◦ with the UAV taking ailerons, as seen Fig.15(c). Small
deflection angle of main wings still allows larger difference
of lift force of main wings, as seen in Fig.15(d). As seen
in Fig.15(c), wing lift force of each main wing, as well as
the difference between them, is larger with proposed UAV.
Considering that the difference between wing lift forces
determines maneuver performance, the proposed UAV can
achieve higher efficiency in maneuvering. The maximum roll
rate (angular speed) of the proposedUAV in Fig.15(e) is about
2.7rad/s and the UAV with ailerons is about 1.5rad/s, rep-
resenting 80% improvement obtained by the proposed UAV.
The sideslip occurred during the execution of roll operation
is shown in Fig.15(f). Thrust forces of the BLDC motors to
reduce sideslip are presented in Fig.15(g). For the gain tuning
of flight experiments, software in the loop simulation (SILS)
stated in [48], [49] is considered for the horizontal flightmode
and hardware in the loop simulation (HILS) in [50] is adopted
for the vertical flight mode.

B. OUTDOOR FLIGHT EXPERIMENTS
Outdoor flight experiments are conducted with wind distur-
bance to verify flight stability of the proposed UAV. Target
angles are given by an RC transmitter and average wind speed
measured by anemometer is 4m/s. Figure 17(a) shows the
UAV and Fig.17(b) represents vertical take-off. During the
hovering flight shown in Fig.17(c), loiter mode provided by
Ardupilot code is used. Loiter mode of the Ardupilot code
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FIGURE 15. Simulation results of horizontal flight with proposed UAV (presented as ‘‘Proposed UAV’’) and UAV with ailerons (Fixed wing aileron):
(a) vehicle velocities; (b) pitch and roll angles; (c) deflection angles of wings and ailerons; (d) lift forces of wings; (e) pitch and roll rates; (f) sideslip angle;
(g) thrust of the BLDC motors to reduce sideslip.
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FIGURE 16. Outdoor flight experiment with wind disturbance: (a) prototype of the UAV; (b) vertical take-off; (c) hovering; (d) vertical flight; (e) forward
transition; (f) horizontal flight after forward transition; (g) backward transition.
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FIGURE 17. Experimental results of vertical flight with proposed UAV:
(a) variation of actual pitch, roll, and yaw angles according to their
respective target angles; (b) variation of deflection angles of main wings
during yaw operation; (c) variation of thrust of each BLDC motor during
pitch and roll operations.

attempts to hold the position of the UAV against wind distur-
bance. Figure 17(d-g) represent vertical flight, forward transi-
tion, horizontal flight after forward transition, and backward
transition, respectively. Flight performance in each flight
mode is measured by the root mean squared error (RMSE)
of pitch, roll, and yaw operations.

C. EXPERIMENTS OF VERTICAL FLIGHT
Experimental results of vertical flight with the proposed UAV
are shown in Fig.17. Target angle is set by the RC transmitter.
Flight performance in tracking the target angle is seen to be
good. A little fluctuation of yaw angle in Fig.17(a) represents

FIGURE 18. Experimental results of hovering flight with wind
disturbance: (a) pitch, roll, yaw angles during hovering flight; (b) vehicle
position during hovering flight; (c) vehicle speed during hovering flight.

the continual compensation of time-varying reaction torque
by individually tiltedmainwings. The deflection angles of the
main wings during the yaw operation are shown in Fig.17(b).
Variation of thrust of each BLDC motor when performing
pitch and roll operations is depicted in Fig.17(c).

D. EXPERIMENTS OF HOVERING FLIGHT WITH WIND
DISTURBANCE
Figure 18 shows the hovering flight performance of the UAV.
Results of hovering flight show that the proposed UAV is a
little vulnerable to the wind disturbance because of large wing
surfaces and lightweight of the UAV. However, the proposed
UAV tends to hold the vehicle’s attitude shown in Fig.18(a)
and position shown in Fig.18(b). Though there are fluctu-
ations of pitch, roll, yaw angles and variations of vehicle
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FIGURE 19. Experimental results of forward transition: (a) variation of
deflection angle of the main wings and tail motor; (b) variation of pitch
and roll angles according to their respective target angles; (c) variation of
thrust of each BLDC motor; (d) variation of vehicle speed before and after
forward transition.

position, they are bounded within small range. The vehicle
position is obtained by the GPS module and barometer in
the UAV. The oscillations are caused by wind disturbance,
which results in time-varying behavior of UAV attitude and
position. From the experimental results, the UAV is expected
to perform robustly against wind disturbance with wind speed
upto about 5m/s.

E. EXPERIMENTS OF FORWARD TRANSITION
Figure 19 shows experimental result of forward transition.
The blue vertical line in each figure represents completion
of forward transition. Mode transition is best observed with
the variation of deflection angle as shown in Fig. 19(a).

The command of the RC transmitter for forward transition
is conveyed approximately at the 101th second and then
the UAV moves forward with target pitch angle, as shown
in Fig. 19(b). Tilting main wings and tail BLDC motor
starts gradually and simultaneously. The thrust of each BLDC
motor shown in Fig.19(c) is controlled by PID controller for
vertical flight mode. To avoid instability during the forward
transition, the angle of tail BLDC motor is adjusted by PID
controller for pitch operation in horizontal flight mode.When
the vehicle reaches target (desired) airspeed Vdes(10m/s),
UAV sets its target yaw angle to its current heading direction.
As a result, main wings of the proposed UAV stop oscillation
and gradually lays horizontal. When the desired airspeed is
sustained more than 2.5 seconds, main wings are tilted fully
forward and the PID controller for vertical flight mode is
switched to PID/PI controller for horizontal flight mode. The
forward transition is complete roughly at the 108th second.
Because the pitch angle of the UAV corresponds with the
target pitch angle, as shown in Fig.19(b), the proposed
UAV seems to have sustained stability during the forward
transition.

F. EXPERIMENTS OF HORIZONTAL FLIGHT
The result of the horizontal flight is shown in Fig.20. The
attitude of vehicle is controlled by tilting main wings and tail
motor, as shown in Fig.20(a). By this tilting mechanism, pro-
posed UAV keeps stabilizing its attitude as seen in Fig.20(b).
According to the deflection angles of main wings, proposed
UAV operates roll maneuver in the horizontal flight. Variation
of the thrust of each BLDC motor is shown in Fig.20(c). The
speed of the UAV shown in Fig.20(d) can reach 20m/s in the
horizontal flight mode.

G. EXPERIMENTS OF BACKWARD TRANSITION
Figure 21 shows experimental results obtained from back-
ward transition procedure. The blue vertical line in each
figure represents completion of backward transition. The
backward transition starts approximately at 128th second
with erecting main wings and tail motor vertically, as shown
in Fig.21(a). Variation of pitch and roll angles according to
their respective target angles is shown in Fig.21(b). By the
command of backward transition, the thrust of each BLDC
motor quickly drops to 0, as shown in Fig.21(c). After the
completion of backward transition, the UAV is controlled
by the PID controller for vertical flight mode. By the back-
ward transition, the speed of the UAV is rapidly decreased,
as shown in Fig.21(d).

Flight performance can be measured by the root mean
squared error (RMSE) of pitch, roll, and yaw opera-
tions during the flight operations in Fig.17(a), Fig.18(a),
Fig.19(b), Fig.20(b), Fig.21(b). The RMSE values are listed
in TABLE 6. The sample interval in the figures is 0.05s.
The error represents the difference between target angle
and achieved angle. The ‘‘Duration’’ in the first row of
TABLE 6 indicates the time interval where the statistic RMSE
is evaluated. It is seen in TABLE 6 that the average RMSE is
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FIGURE 20. Experimental results of horizontal flight: (a) variation of
deflection angle of main wings and tail motor; (b) variation of pitch and
roll angles according to their respective target angle; (c) variation of
thrust of each BLDC motor; (d) variation of vehicle speed during the
horizontal flight.

TABLE 6. RMSE of pitch, roll, yaw operations.

the smallest with yaw operation whereas it is the largest with
pitch operation. Except for the backward transition, overall
maneuver performance is seen to be moderately good or
better. Relatively large value of the RMSE with the backward
transition is due to the small fluctuation over time interval
128-129s in Fig.21(b).

FIGURE 21. Experimental results of backward transition: (a) variation of
deflection angle of the main wings and tail motor; (b) variation of pitch
and roll angles according to their respective target angles; (c) variation of
thrust of each BLDC motor; (d) variation of vehicle speed before and after
backward transition.

VI. CONCLUSION
This paper presents a tri-copter type of tilt wing UAV featured
by individual control of main wings. The proposed UAV can
make attitude operations by thrust vectoring of two motors
on main wings and a tail motor or by thrust vectoring com-
bined with control of the directions of main wing surfaces.
Thrust vectoring ofmotors and changing the direction ofwing
surfaces can be achieved by tilting main wings individually.
The UAV is also able to compensate reaction torque, which
is a typical problem of tri-copter type UAVs, by tilting each
main wing individually. Tilting main wings individually can
generate large difference of aerodynamic lift force on the
main wings, thereby allowing various maneuvers of the UAV.
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Dynamic model of the proposed UAV is established via the
Newton-Euler formulation and effect of individual wing con-
trol is examined by simulations and experiments. The PID
controller and PI controller for attitude control are imple-
mented and used for simulations and experiments. Results of
simulations and experiments are presented for validation of
flight performance of the developed UAV, including the roll
rate of the proposed UAV 80% larger than the conventional
UAV with ailerons as control surfaces.
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