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A quad rotor helicopter (QRH), a type of unmanned
aerial vehicle (UAV), uses a tilted attitude to generate
a horizontal thrust component in the flying direction.
In the case of autonomous control, the attitude control
system is used to tilt the airframe against disturbances
such as crosswinds. Consequently, the flying attitude
of a QRH is always inclined. In this study, a tilting
mechanism for rotors (TMR) was mounted on a QRH
to maintain a horizontal attitude. The TMRs were
tilted to generate thrust against disturbances without
inclining the airframe. The system was constructed
using a QRH and TMRs tilted around only one axis
and allocated every 90°. Because the airframe is al-
ways horizontal, this system can be used for the precise
measurement of landforms and buildings. This paper
reports the dynamic modeling of QRH equipped with
TMRs and discusses the horizontal constant attitude
flight using the proposed system.

Keywords: UAV, multi rotor, quad rotor, helicopter, tilt
rotor

1. Introduction

Quad rotor helicopters (QRHs), normally called
drones, which are used in aerial photography and infra-
structure inspections, have been used not only for indus-
trial operations, but also for recreational purposes.

Although safety is the most important factor when op-
erating unmanned aerial vehicles (UAVs), legal and reg-
ulatory restrictions are becoming stricter every year be-
cause of the increase in serious incidents owing to the
increase in the number of users. The risk of the rotor
or airframe colliding with surrounding objects is always
present, even when sufficient safety precautions are taken,
even though multirotor helicopters that employ small-
diameter rotors have reduced such risks. In fact, multi-
rotor helicopters, which are equipped with various sen-
sors for attitude control and collision avoidance, have su-
perior flight stability and operability compared with con-
ventional single-rotor helicopters.

In this study, we proposed and compared three con-
trol mechanisms with the goal of maintaining the flight
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attitude of QRHs horizontally under all conceivable situ-
ations [1]. The fixed-attitude flight of QRHs achieved by
these three methods drastically improves their aerial op-
erability and operational stability. Among the three meth-
ods, we proposed the quad tilting rotor helicopter (QTRH)
as the mechanism that achieves horizontal fixed-attitude
flight with the smallest degree of freedoms (DOFs), and
verified it using a prototype [2].

Several studies have been conducted on the tilting
mechanism of rotors (TMR) in UAV [3,4]. The Bell Boe-
ing V-22 (Osprey) is a well-known two-rotor aircraft used
in practical service. However, many tilt mechanisms op-
erate coaxially in phase with the forward/backward tilt
mechanism to switch between rotor blade mode and fixed
wing mode.

In the tilt mechanism proposed in this study, the rotor
mechanisms mounted on adjacent booms were tilted at a
90° angle relative to each other, employing two degrees
of DOFs. Because the objective of a previous study [5-8]
was to verify the proposed method, we did not present
a theoretical discussion of the relationship between tilt
angle and thrust compensation or the dynamic modeling.
Therefore, in this study, we present a mathematical model
to verify the feasibility of executing a horizontal fixed-
attitude flight using a 2-DOF tilt mechanism. Although
studies [9—11] that employ mechanisms similar to those
employed in this study have been published [2], they fo-
cused on tilting the attitude angle by arranging the ro-
tors in plus (+)- [9, 10] and H-shaped [11] configurations;
thus, they are different from the X-shaped configuration
employed in our study and independent. Another study
with an objective similar to ours presented sliding mode
control using an observer [12].

2. Quad Tilting Rotor Helicopter
2.1. Tilting Method

In aerial photography, the tilting of the airframe causes
the image to be captured in a tilted state. To prevent this,
the camera is mounted on a gimbal and tilted in the reverse
direction to counteract the airframe tilt. In this research,
a tilt-rotor mechanism is used instead of a gimbal mech-
anism, but it plays a different role. By tilting the rotor

317

© Fuji Technology Press Ltd. Creative Commons CC BY-ND: This is an Open Access article distributed under the terms of
S2TE the Creative Commons Attribution-NoDerivatives 4.0 InternationalLicense (https://creativecommons.org/licenses/by-nd/4.0/)



Imamura, A.

H-shape

s

Traveling
Directio

Traveling
Direction

Fig. 1. H-shape QTRH. Fig. 2. X-shape QTRH.

Fig. 3. Plus-shape QTRH.

thrust, the aircraft can fly in a desired direction without
tilting its attitude.

Generally, QRHs use a fixed pitch rotor, making it easy
to apply TMR for thrust tilt. There are three frame config-
urations for QTRHs, in which the four rotors are simulta-
neously tilted, all of which require two additional DOFs.
In the H-shape shown in Fig. 1, the rotors on the left and
right sides are tilted at the same angle [11]. Although
there is no thrust loss, the direction of movement is lim-
ited. In the X-shape, as shown in Fig. 2, the diagonally
placed rotors are tilted to the same angle. The thrust is
the vector resultant of the individual rotor thrusts, which
involves cancellation components and results in a max-
imum loss factor of \/5/ 2. However, there is no limit
to the direction of movement; omnidirectionally uniform
thrust can be obtained, and lift loss does not occur. Thus,
we employed an X-shaped configuration for the QTRH
used in this study. The plus-shape shown in Fig. 3 was
obtained by rotating the X-shape by 45°. As they are un-
stable in terms of pitch and roll during steering, they are
rarely employed in current QRHs.

An X-shape can be created to perform translations with
two additional DOFs by tilting the two rotors on the same
axis in the same phase. It is possible, by adding four
DOFs, to tilt the two coaxial rotors in reverse phase to ex-
ecute rotations. However, conventional yaw control can
be used to perform rotation; therefore, this study added
only two DOFs to tilt the thrust.

The X-shaped QTRH is capable of functioning under
crosswinds and other disturbances, and presents a small
projection area to the wind compared to conventional
QTRHs, which make it easy to maintain a horizontal atti-
tude (Fig. 4).
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Fig. 5. Structure of TMR.

2.2. Tilting Rotor Mechanism

Although TMR can be configured using two DOFs, we
used four servo-motor-and-parallel-link sets to simplify
the mechanism (Figs. 5 and 6). To operate the QTRH,
the radio-control transmitter sent two signal channels (two
DOFs: forward-backward and left-right), each of which
was split into two channels by the receiver to drive the
four servomotors. Because thrust loss can occur when
there are phase errors between individual TMRs, accurate
phase adjustment of the TMRs was necessary to control
the QTRH. The maximum tilt angle of the experiment
model was +40° due to the limitation of the TMR link
mechanism, and the QTRH attained peak speed at these
tilt angles. The thrust tilt angle, which was the vector
resulting from the TMRs, was equal to the airframe tilt
angle in conventional flights.

The skid effect obtained by the TMRs represented the
horizontal-component thrust, whereas the vertical compo-
nent represented the lift.

The TMRs tilted the thrust of each rotor separately,
such that their resultant vector determined the direction
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Fig. 7. Motion by vector composition of TMR (anti-phase).
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Fig. 8. Motion by vector composition of TMR (in-phase).

of the forward flight, as shown in Fig. 7. Furthermore, the
QTHR exhibited robustness against external disturbances,
whereas the use of the TMRs resulted in the following
losses:

« Increase of airframe weight
« Complex mechanism and control

« Reduction of lift and partial cancellation of thrust
due to rotor tilt

Of these, weight gain is the most important. However,
this increase can be considered minimal when compared
to the other two methods [13, 14], which employ more
complex mechanisms to achieve results similar to those
of TMRs.

Two tilt control strategies, involving coaxial rotors, can
be considered for the TMRs, resulting in different effects
of the thrust tilt.

« Anti-phase (Fig. 7, skid effect, linear movement)
« In-phase (Fig. 8, yaw effect, rotation)

In this study, we prototyped an experimental model in
which the anti-phase mode was used as the default control
of the TMRs, and used it to carry out flight tests. The skid
effect of the TMRs was achieved by the QTRH’s func-
tions to maintain its attitude and altitude. The operator
drove the four TMRs using two-axis control on the radio-
control transmitter to tilt the thrust in the desired direc-
tion.

3. Tilt Angle and Thrust Compensation

The tilt angles of the TMRs consisted of 2-DOF tilt
angles, which were determined based on the desired di-
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Fig. 9. Normalized tilting angle vs. traveling direction.

rection of movement and speed. When the speed was
constant, the 2-DOF tilt angles were determined using
trigonometric functions, where the magnitude of the re-
sultant vector was constant. The higher the desired speed,
the larger was the tilt angle, where the thrust loss could no
longer be ignored.

3.1. Variation of Tilt Angle

As the TMR tilt angles consisted of 2-DOF orthogonal
components, they are expressed as vectors using complex
numbers.

a@) =a-OF5)

where o and 6 are the tilt and steering angles, respec-
tively. When a = 1, the tilt angle is called the normalized
tilt angle.

o (0) is the normalized tilt angle of axis 1 (rotors
Nos. 1 and 2), a3(0) is the normalized tilt angle of axis 2
(rotors Nos. 3 and 4), and a,(0) is the magnitude of the
tilt angle.

ai(8) =Re[a()], . . . . .. ... @
(0) =Ima(d)], . ... ...... 3
W0 =a®)|=a . . . . ... ... @&

The magnitude of the tilt angle was determined by the
thrust; therefore, it remained constant when the thrust was
constant. Furthermore, because the orthogonal compo-
nents of the two axes varied depending on the traveling
direction, the normalized tilt angles were represented us-
ing trigonometric functions (Fig. 9).

The normalized tilt angle of axis 1 was £1 (maximum)
when the airframe moved diagonally at angles of —45°
and 135°, when the normalized tilt angle of axis 2 was
zero (neutral). Similarly, when moving at angles of 45°
and —135°, axis 1 was zero and axis 2 was 1. When
the airframe traveled in the directions 0° and +180° (for-
ward and backward) and —90° and 90° (left and right), the
normalized tilt angles of both axes were \/5 /2. The rotor
thrust 7' necessary for flight at this time was determined
from the airframe weight w, as follows:

w

T= N )

cos(a)
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Fig. 10. Lift and correction factor vs. traveling direction.

The drag and lift were computed using Egs. (6) and (7),
respectively.

D(a) =Tsin(a)-¢/*5), . ... ()
L(a) =Tcos(a)-¢/*5) . . ... @
L@ =ILO). . . . . .. ... ... ®

3.2. Variation of Thrust Compensation Factor

Although thrust was obtained from the rotor tilt angles,
it also produced lift losses. The rotor thrust was com-
pensated to maintain the altitude. The compensation fac-
tor was computed by substituting 6 = 0 and T = w into
Eq. (7), as follows:

w

Lela) = 17y

Because the maximum tilt angle of the experimental
model was +40°, the maximum compensation factor was
L.(£40°) = 1.305. Because the rotor thrust was propor-
tional to the square of the rotational speed [15], the rota-
tional speed was increased by 1.305% = 1.703, or approxi-
mately 1.7 times, to perform this compensation. The same
“proportional to the squared value” relation was also ap-
plied to Egs. (16) and (32) discussed later. Fig. 10 shows
the variations of lift and compensation factors with the tilt
angle when thrust 7" was assumed equal to 1 kg.

e )

4. Modeling

4.1. Three Types of Coordinate Systems
This study employed three coordinate systems similar
to those in [3] (Fig. 11).

« Inertial coordinate system F,,: (O,; Xy, Yy Zy); Oyt
origin at the ground surface.

« Airframe coordinate system Fp: (Op; X, Yp, Zp);
Ogp: origin at the airframe (center of gravity).

« Rotor coordinate system Fp.: (Op; Xp, Yp, Zp) (i =
1,...,4); Op: origin of i-th rotor system (center of
tilt).
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Fig. 11. Three coordinate systems.

We now define the rotation matrices to perform trans-
formations between these coordinate systems. Normally,
the transformation from coordinate system 1 to coordinate
system 2 is expressed as 2R; € SO(3), where SO(3) rep-
resents a rotation matrix in three dimensions. Therefore,
we used the following notations:

« "Rp: transformation of origin of airframe coordinate
system to inertial coordinate system,

o BRp: transformation of origin of i-th-rotor coordi-
nate system to airframe coordinate system,

where WRp is written accurately as follows:

cosycosO cosysinOsin@ —sinycosP
WRp = | sinycos® sinysin@sing 4 cos ycos @
—sin6 cosOsin¢

cos Ysin O cos ¢ + sinysin ¢
sin ysin@ — cos ysin ¢ , - . . (10)
cosBOcos ¢

where ¢, v, and 0 represent rotations around the Xp, Yp,
and Zp axes, or roll, pitch, and yaw, respectively, which
were used to represent the operations and movements of
the airframe. The tilt angles of the TMRs are expressed as

e 0] = —0p: tilt angle of axis 1, rotation angle around
Xp, and Xp, axes,

e 03 = —0y: tilt angle of axis 2, rotation angle around
Xp, and Xp, axes.

As the two coaxial TMRs tilted synchronously in the sys-
tem used in this study, we assumed that the two orthogo-
nal axes rotated. However, the tilt angles of the two coax-
ial rotor coordinate systems had opposite signs because
they were rotationally symmetric.

The coordinate transformation from the rotor to the air-
frame coordinate system, in which the tilt angle of the i-th
rotor rotated about the Xp, axis and the rotors were ar-
ranged at 90° angle intervals around Z axis, is expressed
as

BRngg((ifl)g)RX(ai), i=1,...4. . (1)
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Similarly, the origin of the i-th rotor system when the ro-
tors were rotationally arranged at 90° intervals at a boom
length L from the airframe center P = BOpi € R? is ex-
pressed as follows:

L
%hy:RZ(U—J)g) g R

. (12)

where Rx(0), Ry(0), and Rz(0) represent the rotation
matrices around the X, Y, and Z axes, respectively. @wp €
R? denotes the angular velocity of the airframe and @ is
the (rotational) speed of the i-th rotor, which is around the
Zp, axis.

4.2. Dynamic Model

The equations of motion were determined based on [a]
and [3]. To derive the equations of motion using Newton’s
method, two equations were required: one for translation
and the other for rotation. The basic form of the equation
of motion for translation is

. (13)

where x is the airframe position, m is the mass, and F is
the force acting on the airframe. The basic form of the
equation of motion for rotation is

J6=M,

mi=F,

. (14)

where 0 is the airframe attitude angle, J is the moment of
inertia, and M is the moment acting on the airframe.

4.2.1. Equation for Translational Motion

The equation for translational motion for a conven-
tional QRH in an inertial coordinate system is given by

i 0
m|j| =| 0 | +"RgFr+ Fp, . (15)
Z —mg

where the first term on the right-hand side is related to
gravity, the second term is the thrust, and the third term
is the aerodynamic drag. The thrust Fr acting on the air-
frame was determined from the four rotor speeds, as fol-
lows:

0
0
4

Cr Z (1),'2

i=1

Fr= A ¢ 1)

where Cr, denotes the lift coefficient generated by the ro-
tors and @; is the angular velocity of the i-th rotor. The
sum of the lifts generated by the four rotors was the thrust
acting on the airframe. The aerodynamic drag Fp is given
by
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. )
X X

Fp=—p|y| —x|y| ;. - (17)
Z Z

where the first term represents the viscous drag, in which
U is the coefficient of viscous drag (air friction), and the
second term represents inertial drag. The coefficient x is
described as

K= %CDpS, . (18)
where S is the front projection area, p is the air density,
and Cp is the drag coefficient attributed to the airframe
shape.

For the experimental model in this study, the normal
mode is described by the equation for translational mo-
tion (Eq. (15)). Because S varied depending on attitude
changes in the normal mode, Fp varied with speed and x.

Subsequently, for the skid mode, in which the TMRs
are used to perform thrust vectoring, we assumed that the
centers of gravity of the rotor systems £, lie at their respec-
tive origins Op, for simplicity. This allowed us to ignore
the inertial effects on the rotor systems owing to the ac-
celeration of the quad rotor airframe in space. Thus, the
position P = WOy of the quad rotor airframe in the iner-
tial coordinate system is described in a manner similar to
Eq. (15), as follows:

0 4
mp=m| 0 +WRBZBRPI.TPi + Fp.

i=1

-9

Because there was no attitude change in the skid mode,
S remained constant at its minimum value; therefore,
Fp varied only with speed. m is the total weight of the
quadcopter airframe and rotor systems, g is the acceler-

ation due to gravity, and Tp, is the moment around the
motor axes, which is described later.

. (19)

4.2.2. Equation for Rotational Motion

The equation for the rotational motion of a conven-
tional QRH in the airframe coordinate system is expressed
as

Jo+ox (Jo)=1—1p, . (20)

where @ is the angular velocity of the airframe attitude.

Because the base vectors varied with time when the
coordinate system was rotated, as in the case of the air-
frame coordinate system, they could be differentiated as
expressed by the second term on the left-hand side.

The first term, 7, on the right-hand side of Eq. (20) is
the torque generated by the rotors, and is determined by
its components around the respective axes.

T = LCrsinB (o° + ® —w* — %), . (2D
7y = LCpcos (—co12 + @+ sy’ — 0)42) . (22)
T, =Cpr(—@* + @ — o3> +ws?), . . . (23)

where L is the distance from the center of gravity of the
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quadcopter to the motor, Cy, is the rotor lift coefficient, and
Cpg is the rotor drag coefficient. The second term, Tp, on
the right-hand side of Eq. (20) is the drag generated by
the viscosity of air, and is proportional to the airframe’s
angular velocity, as follows:

Wy
Tp=—K|of. . . .. ... ... .24
wZ

J is the moment of inertia and is described by a diagonal
matrix because the quadcopter is symmetric in the left-
right and fore-aft directions, as follows:

Jo 0 0]
J=10 1, 0 . (25)
0 0 J.

Substituting Egs. (21)—(25) into Eq. (20), we obtained
Jox 0 07 [ay]

0 Jy, 0] |y

0 0 Jg| |o]

Tx [ | (Jyy = Jz2) oy,
= || —uloy|+ | (z—Jo) o |. . (26)
T, Lo, | (Jex — Jyy) Oy

In the experimental model used in this study, the normal
mode was expressed by the rotational motion equation.

In the case of the skid mode, where the TMRs executed
thrust vectoring, the angular velocities of the rotors are
described as

op, = Rhap+ (e 0 @], .27
where @wp € R? denotes the angular velocity of the air-
frame and @; € R is the rotor speed (angular velocity)
around the Zp. axis. Thus, the angular acceleration is de-
scribed as

oy, = Rhop +BRhop+ [0 0 @] . . . (28)

The torque created by the respective rotor systems, ex-
pressed in Euler angles, is expressed as:

Tp, :Ipi(i)i+wpi X Ip, @Op, — Tepy;, . (29)

where Ip wp, € R3*3 is the moment of inertia of the rotor
systems and is expressed by a positive diagonal matrix.
Tens; 15 the external torque acting on the rotor systems. In
this study, the rotary anti-torque acting on the Zp, axis ow-
ing to aerodynamic drag was modeled as

T
Coi = [0 0 —knoon, |ar, || k>0 GO)

COpiZ

Thus, the equation for rotational motion of the quad-
copter airframe B and the four rotors F; is as follows:

4
T3 = Igp + wp X Ipwp + ZBRPiTpi,
i=1

. (31
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where Ip € R3*3 is the airframe’s moment of inertia, ex-
pressed using a positive diagonal matrix, and 73 € R? is
the external torque acting on the airframe B. Express-
ing the four moments caused by rotor thrust around the
Zp, axis as follows:

To=[0 0 krarl@l]”, k>0, . (32)

the equation of rotational motion (Eq. (31)) could then be
written, using the origin BOpl. of the airframe coordinate
system (the anti-torque of the rotors is already given by
Tp,), as follows:

4

B = Z (BOPi X BRI’iTl’i) . . (33)
i=1

The equations for translation and rotation of the QTRH

were modeled using Egs. (19) and (33), respectively. The

torque Tg, = (71,)T € R around the Xp axis, which tilted

the rotor, and the rotor torque T, = (7p)?Zp € R gener-
ated around the Xp, axis were inputted.

4.2.3. Kinematic Equation

The attitude angles (¢, 0, and ) in the inertial coor-
dinate system cannot be determined from the equation of
rotational motion, which is expressed in the airframe co-
ordinate system. The airframe Euler angles can be deter-
mined by transforming the angular velocity @ in the air-
frame coordinate system to the inertial coordinate system.
The coordinate transformation

I singtan® cos¢tan6

. wx
ol = 0 cos —sing o, . (G4
. sin ¢ cos ®
v cos cos O :

yields the attitude angles, and is called the kinematic
equation.

4.3. Control System

In this study, we employed proportional-integral-
derivative (PID) control, which is a basic function of the
flight controller, to maintain altitude and attitude in skid
mode. A block diagram of the skid mode is shown in
Fig. 12.

5. Experiment Model

Although the experimental model was previously de-
scribed in [1,2], we describe it here along with the up-
dated information.

5.1. Specifications of Experiment Model

The QTRH had a simple X-shaped frame structure
(Fig. 2) that allowed for omnidirectional movement. A
photograph of the experimental model is shown in Fig. 13
and its specifications are listed in Tables 1 and 2.
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Fig. 12. Altitude and attitude hold functions in the skid mode.

Fig. 13. Experimental setup of TMR-equipped QTRH.

Table 1. Specifications of QTRH.

Span of rotor 610 mm
Height 120 mm
Width 425 mm
Weight (including batteries) 1.41 kg
For motor LiPo 3 cell
Battery (35 C, 2450 mAH)
For radio control LiPo 2 cell
(25 C, 350 mAH)
Table 2. Specifications of TMR.
Rotor APC Slow Flight: 11 x 4.7 inch
Motor NTM 28-26: 1000 kV, 235 W
Servo motor JR Propo DS359HV
3.5 kg-cm, 0.2 s/60°, 6 V
ESC Turnigy Multistar 20 A

5.2. Implementation of Control System

We used Pixhawk (3D Robotics Inc.) as the flight con-
troller, which controlled the attitude, altitude, and position
of the airframe. Pixhawk employed an open architecture,
and its circuitry and software are released publicly. The
firmware consisted of an ArduCopter and Mission Planner
(MP) installed on the ground PC. Pixhawk housed four
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Fig. 14. Layout of servo motor for TMR.

types of sensors (three-axis gyro, three-axis accelerome-
ter, three-axis magnetometer, and barometer) and used a
GPS module. Various pieces of information regarding the
flight controller were wirelessly transmitted to the ground
PC at 10 Hz in real time, where the communication device
employed an XBee module. The telemetry data transmit-
ted by the flight controller were operated by the ground
PC via the Mission Planner GUI to set various parame-
ters, whereas the sensor information and control signals
were recorded on the ground PC.

5.3. Implementation of Operating System

The radio control device consisted of a 14-channel
transmitter (XG14, JR Propo) and 7-channel receiver
(RG731BX, JR Propo). We employed seven channels:
four for steering operation, two for TMR operation, and
one for flight mode setting. The four TMRs had identical
structures, which were arranged at 90° angle from each
other (Fig. 14). The signals from the receiver to the ser-
vomotors were split into two and set in reverse, which was
achieved using the XBus system (XB1-CV4, JR Propo),
as presented in Table 3. In the skid mode, the steering
operation of the operator was converted to a 45° vector
by the radio control transmitter and then combined into
signals for the two channels. The mixing settings for the
radio control transmitter are listed in Table 4. To drive
the servomotors in a stable manner, two batteries were
mounted: one for control and the other for power.
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Table 3. Servo motor name for TMR.

Table 4. Program mixing for RC transmitter.

RC channel Aux2 Aux3 Program . High position [%]
- - - Primary > Secondary .
Rotor axis 1-2 axis 3—4 axis No. Low position [%]
- . Down —100
1 XBus 7-1 1 Roll > 1-2 axis Up —100
2 XBus 9-1 P
Rotor No. Left +100
3 XBus 7-2 (reverse) 2 Pitch > 3—4 axis Right 4+100
4 XBus 9-2 (reverse) D g 100
. . own —+
3 Pitch > 1-2 axis
Up 4100
. Left +100
4 Roll > 3-4 axis .
Right 4100
R/C
Transmitter Pixhark Flight Mode
=> Stabilize
Operation fixed |—> Frm'nt/ Reverse Mixing & Tilt Servo Motor
Right/Left Distribution
Roll Ch. ~ Roll Flight
Pitch Ch. ' Pitch Controller
Fig. 15. Flow of normal mode.
R/C
Transmitter Pixhark Flight Mode
=> Alt Hold
Front/Reverse Mixing &
_ T Right/Left Distribution
Pitch Ch. A
Roll Fligh
Operation fixed > > Conéfoﬁer ESC
Pitch
/N

Attitude stabilization
(Automatic)

Fig. 16. Flow of skid mode.

5.4. Flight Mode

We prepared three flight modes that were switched
from one mode to another as needed.

« Manual mode: used for takeoff and landing (control
to stabilize attitude).

« Normal mode: used for the QRH (control to maintain
altitude).

o Skid mode: TMRs were used (control to maintain
altitude).

In this study, we employed the antiphase control of
TMRs. The APM flight controller supports two types
of automatic control: for stabilizing the attitude and for
maintaining the altitude, which were used in the normal
and skid modes. The control flows for the operation are
shown in Figs. 15 and 16, and the steering system assign-
ments are listed in Table 5.
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The lift of the QTRH decreased according to the tilt an-
gle when the TMRs were used. Therefore, the flight con-
troller increased the speed of all the rotors to compensate
for the lift loss. Furthermore, because crosswinds can be
expected in outdoor environments, the QTRH thrust mar-
gin must be higher than that of conventional QRHs. For
the TMRs of the experimental model, a thrust margin of
approximately 1.3 times was used based on the compen-
sation coefficient.

The robustness of the tilt mechanism and accuracy of
the rotating system were important factors when imple-
menting the TMRs, and the resonance due to the rotation
of the rotors was monitored.

6. Test Flight

Although the test flights have been described previ-
ously [1,2], we have added additional results and discus-
sion to the earlier presentation in this paper.
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Table 5. Operation in flight mode.

Horizontal Fixed Attitude Flight of QRH with Tilting Rotor
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6.1. Test Flight 1: Alternating Motion

The airframe flowed back and forth between two points
6 m apart at a constant speed and an altitude of 1.5 m.
The attitude changes in the skid and normal modes were
compared (Fig. 17). We expected significant changes in
the attitude along the pitch axis.

The changes in the attitude angles for the roll, pitch,
and angular velocity are shown in Figs. 18 and 19. The
figures show pronounced effects on the pitch axis for both
the attitude angles and angular velocity, as expected. The
difference in attitude stability was pronounced at the turn
points and was evident during steady (constant-speed for-
ward) flight. The difference between the two flight modes
was clear, and a quantitative comparison using standard
deviations showed that the attitude angle was reduced to
one-third and the angular velocity to two-thirds during the
skid mode. These effects were also evident in the varia-
tions in the roll axis during the skid mode, where the re-
sults were better than the expected values. However, a
slight tilting of the fore section during acceleration and
downward tilting of the fore section during deceleration
were observed. This is believed to be caused by the de-
layed response of Pixhawk’s attitude stability control.
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6.2. Test Flight 2: Circular Motion

Keeping the fore section facing the same direction, the
QTRH was flown to trace a 2.5 m-diameter circle at a con-
stant speed and an altitude of 1.5 m. The attitude changes
in the skid and normal modes were compared (Fig. 20).
Attitude changes along the roll and pitch axes were ex-
pected to occur simultaneously.

The attitude angles about the roll and pitch axes and the
angular velocity during test flight 2 are shown in Figs. 21
and 22, respectively. The expected effects were observed
for both the attitude angle and the angular velocity of the
airframe. The difference between the two flight modes
was clear; quantitative comparisons using standard devi-
ations showed that variations in the attitude angle were
reduced to one-quarter, and those in the angular velocity
were reduced to two-thirds. In the skid mode, the attitude
angles about the orthogonal axes exhibited stable varia-
tions with a roughly 90° phase-angle difference, as ex-
pected. However, a slight tilting of the outer section of
the circular flightpath was observed. This is believed to
be caused by the delayed response of Pixhawk’s attitude
stability control.

6.3. Test Flight 3: Cross Wind Test

We observed the attitude stability when the airframe
hovered in a crosswind generated by a large fan. This
test flight was conducted indoors, where the distance be-
tween the fan and airframe was 2.5 m, the airframe alti-
tude was 1.2 m, and the wind velocity was 4 m/s. The
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Fig. 23. Flight pattern of test flight 3.

attitude changes in the skid and normal modes were com-
pared (Figs. 23 and 24, respectively). We expected that
major attitude changes would occur along the pitch axis.
The changes in the attitude angle and angular veloc-
ity of the roll and pitch during test flight 3 are shown in
Figs. 25 and 26, respectively. The figures show the pres-
ence/absence of downward tilting of the fore section and
the high/low stability of the attitude toward the pitch axis
in the two modes. However, the effect was not as clear
as in the other test flights, and a quantitative comparison
using standard deviations showed that the attitude angle
was reduced to approximately 40% and the angular ve-
locity to approximately 75% in the skid mode. The tilt-
ing down of the fore section occurred even in the skid
mode, as shown in Fig. 24. The high/low attitude stability
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difference between the two modes occurred because, in
the normal mode, the pitch axis was controlled to main-
tain the attitude, changing the front projection area, which
then affected the aerodynamic drag, as shown in Egs. (17)
and (18).

7. Conclusions
Although the expected effects regarding the character-

istics of maintaining a horizontal attitude were observed
in all test flights, the following items need to improve.
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1) Tilt up of fore section during acceleration

2) Tilt down of fore section during deceleration
3) Tilt down of outer side during circling

4) Tilt down of fore section in strong crosswinds

Although these aspects are slightly beyond the sensor ca-
pabilities of the proposed system, a certain degree of im-
provement can be expected by changing the flight con-
troller settings. In item 4), a strong crosswind increases
the relative velocity, which affects the aerodynamic drag
computed by Eqgs. (17) and (18).

As a software measure, we believe that adding feed-
forward control based on Eq. (9) to the thrust compensa-
tion should resolve the problem.

A possible hardware factor is the altitude maintenance
function of the control system. In this system, we em-
ployed a barometer for altitude measurements, which was
used for thrust compensation via PID control. It ap-
pears that the barometer altitude resolution (0.1 m) was
the cause of the delayed response. This can be improved
by adding an altimeter based on infrared light or ultra-
sonic waves.

8. Final Remarks

While verification tests have been given priority in pre-
vious reports of this study, this paper presents equations
for translation and rotation based on Newton’s method.
The translation equation was validated based on the ef-
fect of the aerodynamic drag, as discussed in Section 6.3.
However, we could not verify the validity of the rotation
equation based on the test results. This paper presents a
thrust compensation factor that depends on the tilt angle.
We believe that the attitude stability can be further im-
proved by applying this compensation factor to the feed-
forward transfer function of the skid-mode control sys-
tem. It is also important to add a high-resolution altimeter
with a faster response.
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