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SOFTWARE IN-LOOP SIMULATION OF A QUAD TILT ROTOR
UNMANNED AERIAL VEHICLE FOR TRANSITION CONTROL

Summary

This paper presents a hybrid unmanned aerial vehicle configuration, the quad tilt rotor
(QTR), which combines both the tandem wing configuration and the quadrotor configuration
using a tilt mechanism. The paper focuses on the vehicle configuration, transition control
scheme and modified proportional-integral-derivative (PID) control. The effectiveness of a tilt
rotor configuration depends on its smooth transition from rotary wing to tandem wing flight
during take-off and vice-versa during landing. An autonomous transition control scheme for the
QTR using a modified PID controller is proposed to maintain desirable attitudes during
transition. The derivative control of error term in a conventional PID controller is replaced by
the rate of change of the control parameter in the modified PID controller. The modified PID
controller provides the desired response with significantly reduced oscillations and actuator
control effort than the conventional PID controller. The QTR configuration is simulated in a
software-in-the-loop (SIL) simulation using MATLAB Simulink and the X-Plane simulator to
analyze the controller performance and flight characteristics during transitions from rotary wing
to tandem wing flight during take-off and vice-versa during landing. The simulation is
performed with and without atmospheric disturbance and the simulation results showed
acceptable deviation in attitude during the transition even under atmospheric disturbances.

Key words: transition control, dynamic modelling, software-in-the-loop simulation, quad
tilt rotor, X-Plane.

1. Introduction

Advances in sensor technology [1-3], electronics, guidance, and controls, and in
multirotors in particular, have fostered the development of unmanned aerial vehicles (UAVs)
over a decade. Fixed-wing aircraft cannot hover, and the growing demand for aerial imaging
and surveillance drove the market interest toward multirotors which are capable of hovering.
Unlike fixed-wing aircraft, rotary-wing aircraft like multirotors are capable of vertical take-off
and landing (VTOL), avoiding the runway requirement. In addition, if the same power is
considered, multirotors are less energy efficient and have less endurance than fixed-wing
aircraft. The above considerations led to the development of tilt rotors that have advantages of
both fixed wings and multirotors.

Research on convertible aircraft capable of vertical take-off and landing with convertible
horizontal flight has been carried out extensively [1, 4, 5] to overcome the disadvantages of
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fixed-wing and multirotor vehicles. Different types of tilt configurations have been attempted
over the years, such as tilt wing [5, 6], partial tilt wing [7], collective thrust transitioning (CTT)
[5, 8, 9], tilt-rotor [5, 10-12], etc. Saeed et al. [5] summarised the merits and demerits of hybrid
convertible configurations. Tilt wing aircraft require heavy and powerful actuators to tilt the
entire wing but have good aerodynamic performance during transition. Tilt wing and flying
wing configurations are vulnerable to crosswind, and hence it is not easy to land on moving
decks. Tilt rotors are not very vulnerable to crosswinds and require smaller actuators but have
poorer aerodynamic performance during transition than tilt-wing configurations. Partial tilt-
wing aircraft are intermediate between tilt-rotor and tilt-wing aircraft. Partial tilt-wing aircraft
are also vulnerable to crosswinds but slightly less than tilt-wing aircraft. The advantage and the
need for convertible type aircraft over fixed-wing aircraft are their ability to hover, take off,
and land vertically. Tilt wing, partial tilt-wing, and CTT configurations are vulnerable to
crosswind during hover, take-off, and landing.

Nomenclature
b wing span
C mean aerodynamic chord
g acceleration due to gravity
h altitude
Ly, lift due to crosswind at hover condition
m mass of the aircraft
Qo dynamic pressure
P,Q,R angular velocities about x-, y- and z- axes in body frame
R range between current location and desired waypoint
Rry threshold range
R, radius of Earth (6,371 km)
S wing planform area
Ty hover thrust
uv,w linear velocities along x-, y- and z- axes in body frame
Vw disturbance wind velocity
Vxp velocity component along x-axis in body frame (calculated from X-Plane data)
a angle of attack
B sideslip angle
64, 0., 0, aileron, elevator and rudder deflection angle
0,9 Euler angles (roll, pitch and heading)
[ latitude
A longitude
& tilt angle
T torque
Yy disturbance wind direction in the Earth axis system

In general, quad tilt rotors can be flown as fixed-wing aircraft or as short take-off and
landing (STOL) aircraft with partial tilt when there is a failure of one or more transition
actuators. The above reason made the quad tilt rotor the vehicle configuration of choice in this
paper. A tandem wing type quad tilt-rotor, as shown in Fig. 1, is considered in this paper. The
tandem wing configuration is selected as it allows for various structural modifications in the
future, such as variable wing sweep and variable dihedral angle. Thomas Lambert et al. [13]
reported that dihedral angles of the two wings have a significant impact on the lift; some
configurations lead to an increase in the lift coefficient of up to 25%.

X-Plane flight simulator is used in this paper to simulate the nonlinear vehicle dynamics
to overcome the difficulties in the conventional design approach. The conventional design
approach requires a suitable mathematical model of the vehicle, which requires computational
fluid dynamics (CFD) analysis or wind tunnel tests to obtain force and moment coefficients for
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different flight conditions. Further, the accuracy of the mathematical model depends on the
accuracy of the CFD or wind tunnel data and different parameters considered during modelling.
Also, it is difficult to model the transition dynamics as the CFD/wind tunnel data are generally
collected for a different set of static conditions, and the transition behaviour changes for a
different rate of transition. X-Plane is one of the advanced flight simulators approved by the
Federal Aviation Administration (FAA) as a training simulator because of its high-fidelity
simulation of flight models and visualization. Based on a survey report by Jeff Craighead et al.
[14] on commercial and open-source flight simulators, X-Plane is one of the best flight
simulators. X-Plane is also used for system identification of UAVs [15-17], as a test platform
[18-20] for controller performance and for testing new aircraft designs including a tiltrotor
aircraft [21]. X-Plane calculates the aircraft response using the Blade element theory based on
a current scenario. The aircraft response is close to actual flight due to the use of the blade
element theory, which makes X-Plane the preferred choice. The mathematical model of the
QTR UAV presented in Section 2 of this paper is used as a framework to understand the control
requirements of the proposed vehicle configuration.

The different types of existing tilt rotors and their different control schemes were
summarised by Liu Zhong et al. [4], and PID controllers were also used for attitude and position
control in the helicopter mode. Conventional PID controllers were also used in missile seekers
[22]. A survey of hybrid UAVs by Adnan Saeed et al.[5] compared different control laws used in
hybrid UAVs. Except for PID controllers, most linear and nonlinear controllers require a proper
mathematical model, full state feedback, or precise knowledge of the aerodynamic coefficients
[5]. Since X-Plane is used to simulate an aircraft dynamic model, it is not easy to design a
controller that requires a mathematical model or precise knowledge of the aerodynamic
coefficients. The disadvantage of the PID controller is that it is not optimal and has poor
robustness compared with the robust controller when the system encounters multiple challenges
[5]. The PID controller also requires less memory and low computational power than other robust
controllers. Because of these reasons and the simulation scenario, a modified PID controller is
used in this paper which does not require the knowledge of the UAV mathematical model.

2. Modelling of a quad tilt rotor UAV

D

% N),

w
ZB

S

Fig. 1 Aircraft equations of motion

The body axis coordinate system (Zg, Yp, Zp) and the free body diagram of the quad tilt
engine aircraft are shown in Fig. 1. The aircraft consists of four rotors arranged in the tandem
wing configuration as presented in Fig. 1.
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A QTR UAV is a vertical take-off horizontal transition type hybrid vehicle with four
rotors. In this configuration, all the four rotors are tilted simultaneously by an angle ¢ about the
aircraft lateral axis, as shown in Fig. 2. Take-off and landing can be performed vertically
(¢ = 90°) and during cruise flight, the tilt angle is maintained as zero.

Fig. 2 Side view of QTR UAYV showing the tilt angle

Equations of motion (EOM) describing the vehicle dynamics [23, 24] are essential in
understanding the behaviour of the aircraft. The EOM can be derived by equating the applied
forces and moments to the aircraft response. The force and moment equation defined in the
rotating reference frame (body axis) is defined as

[Fl,=m{[¥],+@x[71s)} (1)

T =l O+ {8 X (@)} )
where,

[V ] = Ui+ Vj+ Wk

@ =Pi+Qj+Rk

Q=& =Pi+0Qj+Rk

[1,], k] represents the unit vectors acting along the defined axis system. ¥, & and Q are
the vectors representing linear velocity, angular velocity, and angular acceleration, respectively.
I.m 1s the 3 X 3 inertia matrix defined about the aircraft centre of mass.

2.1 Forces and moments

The forces acting on the vehicle are as follows:

Fx FGx + FAx + FTx
F,| = |Fo, +Fu, +Fr
E, B Fg, + F4, + Fr, 5

Fg ,Fs, and Fp_are the gravitational, aerodynamic and thrust force components
represented along the body x-axis, respectively, and similarly for the y- and z-axes.

The gravitational, aerodynamic and thrust force can be conveniently represented in the
Earth, stability and body axis systems. The gravitational and aerodynamic forces acting on the

aircraft are represented in the body frame using a rotation matrix [23] to resolve the net resultant
force vector.
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0

[Fsl, = RE[Fal, = RE| O ] 3)
mgl,
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[Fal, = RE[Fal, = RE | Fa, (4)
—Lg

. YF;cosé

AT ] “

—XF;sinél,

Equations (3-5) represent different forces acting on the aircraft and ZF; is the sum of
forces generated due to motors 1 to 4.

[76]5 and [7,4]5 are the gravitational and aerodynamic force vectors represented in the

Earth axis and stability axis system. The north-east-down (NED) frame is the Earth axis system
used to represent the gravitational force. The 3 X 3 rotation matrix RZ is used to represent the
gravitational force defined in the Earth axis system in terms of the vehicle body axis system
and vice versa by RE. It represents three sequential rotations about z-, y- and x-axes and the
matrix representing this sequence of rotation is as follows:

cocy COSY —S6

RE = [SpSOCY — CHSY  CHCp + SpSOSY  SpCo (6)
SPSY + CHSOCY CPSOSY — SPCY  CHCO

Rg = (RD)T

€6, 56 denotes cos 6 and sin 6, respectively. Similarly, the stability axis to the body axis
rotation matrix is defined as

Ca 0 -—-Sa
RE=|0 1 0 (7)
Sa 0 Ca
_ 1w
o= tan™" (8)

The stability axis system coincides with the aircraft body axis system, but it is rotated
about the aircraft lateral axis (Yg) by an angle of attack, a. Linear acceleration in the body can
be calculated using equations (3-8), as shown in equation (9) which can be integrated to obtain
linear velocity and position. Linear acceleration, velocity and displacement in terms of the Earth
axis system can be obtained using the rotation matrix R = (RE)T.

[?]]B — ([?6]34'[772]34'[?7"]3

)—(GX[?]B) (9)
The moments acting in the vehicle are

T = l(Fl_F2+F3_F4)Sln€+M ) (10)
(Ml +M2_M3_M4)SIHE+N

where Fj ; 3 4 are the forces generated by the individual motors; [ is the distance between the
motor and the vehicle centre of mass along the x- and y-axes; M , 3 4 are the moments produced
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by each motor perpendicular to the plane of rotation of the propeller; L,M,N are the
aerodynamic moments about the x-, y- and z-axes, respectively. The factors affecting the
moments are given in equation (11).

Z = qOSbCZ()B!P)Rr 561) (]']'a)
M = qoScCy (@, Q,6,) (11b)
N = qoShCy(B,P,R, 5, 5,) (11c)
1
qo = 5pv°
= sin~1—
B = sin -

v=VU2+VZ4+ W2,

where v is the magnitude of the velocity vector; Cz(B,P,R,8,) is the rolling moment
coefficient about the x-axis as a function of B, P,R,§, and similarly for Cy; and Cy for the
pitching and the yawing moment coefficient, respectively. Angular acceleration in the body
frame can be calculated as shown in equation (12) which can be integrated to obtain the angular
velocity.

ﬁ _ T—{WXUcm®@)} (12)

Icm

The components of the angular velocity of the vehicle in the body frame (P, Q,R) is
related to the derivatives of Euler angles, as shown in equation (13). Therefore, the Euler rate
calculated from equation (13) can be integrated to obtain Euler angles.

P 1 0 —sin @ )
[Q = \0 cos¢p singcosf||g (13)
R 0 -—sing cos¢cosbl|y

2.2 Control of the quad tilt rotor

Differential thrust is used to control the attitude and motion of the vehicle in the
quadcopter mode [25], and primary control surfaces (aileron, elevator and rudder) are used for
attitude and motion control when the engine tilt angle is zero. During the fixed-wing
configuration and transition phase, the speed of all motors is maintained the same. The
differential thrust generated by each rotor achieves control of the vehicle in the quadcopter
configuration. The speed of an individual motor depends on thrust, pitch, roll and heading
requirements. The required speed of the motor is calculated using equation (14):

[AnT
_1 Anq,,
_1 —

n
n
n
Ny

w N -

n,_, — speed of motors 1 to 4

Angy — change in speed required to achieve a desired pitch angle (depends on error
valve, 0,,,-) and similarly for thrust (altitude), roll and heading.
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The direction of rotation of the motors is configured as shown in Fig. 1 so that when all
motors run at constant speed, moments produced by motors 1 and 2 exactly balance the
moments produced by other two motors. This arrangement provides yaw control during
vertical flight and zeroes roll moment during horizontal flight, similarly to a twin-engine
aircraft. The engine tilt angle ¢ is controlled based on the transition command and thrust
vector control.

3. X-Plane simulator

X-Plane is a commercially available flight simulator developed by Laminar Research.
X-Plane provides additional software to design custom aircraft and airfoils using Plane Maker
and Foil Maker. X-Plane calculates the aircraft response using the blade element theory based
on a current scenario. X-Plane version-10 Global edition is used to test and analyse the aircraft
response during the transition phase. X-Plane also provides a feature that can simulate a flight
under actual weather conditions. In this paper, raw METAR (Meteorological Terminal Aviation
Routine Weather Report) data is downloaded to simulate actual weather conditions.

3.1 Plane Maker

Plane Maker is software provided along with X-Plane-10 to design and configure custom
aircraft [26, 27]. The aircraft specifications, such as fuselage dimensions, wingspan, chord,
control surface dimensions and their deflection limits, propeller dimensions, engine type, etc.,
are used to design the aircraft. Electric motors are used as engines for this QTR UAV. The
moment of inertia is calculated using XFLRS by providing mass distribution data, and the center
of gravity is fixed at the midpoint between the front and the rear wings. The mass radius of
gyration calculated from the mass moment of inertia is used in Plane Maker during the design
process. The quad tilt rotor configuration designed by using Plane Maker for X-Plane 10 is
loaded in the X-Plane simulator during simulation. Fig. 3 shows a QTR aircraft designed in the
X-Plane simulator.

8 Values coresponding toa
data header (single data type)

R

Fig. 3 Designed aircraft in X-Plane simulation environment
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Table 1 Aircraft specification

Parameter Value Parameter Value
Wingspan 100 cm Aileron & | Dimension | 20 x 4.5 cm
Chord 15 cm Elevator Deflection | £15 deg
Vertical tail area 150 cm? Rudder Dimension | 9.5 x 4 cm
All up mass 3.4 kg (7.51b) Deflection | £35 deg
Engine power 0.45 hp Tilt angle 0—110deg
Propeller diameter, pitch | 10 inch, 4.5 Tilt rate 30 deg/sec
Mass moment of inertia | I, = 0.36395; I, =0.71960; I,, =1.07755 kg - m?

The physical dimensions and specifications that are used to design the aircraft in Plane
Maker are provided in Table 1. The aileron and elevator dimensions specified in Table 1 are
for a half wing.

3.2 UDP Communication

X-Plane uses UDP communication for the exchange of data. UDP communication is set
up between X-Plane and MATLAB by specifying the IP address and the port to which the data
is to be sent and received. The type of data to be sent or received (Ex: airspeed, altitude, latitude,
longitude, etc.) is selected from the available 133 data set in X-Plane.

X-Plane sends and receives data in a specific format, as shown in Fig. 4. The fifth byte of
the packet header is a “don't care” byte when the data is received from X-Plane, and it must be
"0" (zero) when the data is transmitted to X-Plane.

Packet Header | Data Set-1 | DataSet-2| = ..... Data Set-n
5-Bytes 9-Singles | 9-Singles ...(1single = 4 Bytes). .. 9-Singles

112|3]|4a 5 1 2 3 9

D|J|A|T| A ]| Tx/Rx Data Set Header | Data-1 | Data-2 |.... | Data-8

Fig. 4 UDP data format

The data from and to X-Plane are received and transmitted in Simulink using the UDP
receive and send block, respectively. The data sent and received in Simulink are formatted and
decoded according to the UDP data format shown in Fig. 4.

4. Research methodology

Autonomous flight simulation is performed using waypoint navigation [28, 29]. Only two
waypoints, take-off and landing coordinates, are used in the simulation to demonstrate the
transition flight. Transition is performed based on altitude and the range for take-off and
landing, respectively. The aircraft is in the quadcopter mode when the tilt angle is 90° and in
the tandem mode when the tilt angle is zero. Thrust vector control is also performed by varying
the tilt angle to maintain the desired forward velocity in the aircraft body frame (V).

The heading angles and range are calculated using the Haversine formula shown in
equations (15-16) based on the current and desired coordinates.

. - 5 (A=A
a = sin? (%) + cos @ - cos @, - sin? (%)
R =2-R,-atan2(va,V1 — a) (15)
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Y = atan2((sin(A1) - cos ¢,), (cos ¢, sin @, — sin ¢, cos @, cos(A1)) (16)

A/’l:ﬂ.z_/ll

The transition is performed based on altitude during take-off and threshold range during
landing. Landing is initiated when the aircraft longitudinal component of velocity goes below
the desired value.

5. Quad tilt rotor simulation

Simulation of an autonomous flight is performed to test and analyse the transition and
controller performance during the transition phase. The different flight phases involved in the
simulation are vertical take-off, horizontal transition, cruise flight, vertical transition, and
landing. The mathematical model defined in Section 2 serves to understand the different forces
and moments acting on the vehicle and to develop a framework for flight control. The difficulty
in performing the simulation entirely based on the mathematical model is in providing the
constants (Inertia matrix, C;, , Cp_ etc.) and stability derivatives for simulation. To obtain these
values for different flight conditions, an extensive wind tunnel test or a CFD analysis [30, 31]
is required. Any existing data for similar fixed-wing aircraft cannot be used effectively as those
values are generally restricted to the stall angle. For this quad tilt rotor, the angle of attack may
vary from —90° to 90° and sometimes slightly above this range if thrust vectoring is used. The
correctness of the simulation depends on the accuracy of the constants and stability derivatives.
The difficulty in getting these values made X-Plane the simulation environment for this
simulation. Roll control in the quadcopter mode becomes yaw control in the tandem mode and
has slightly complex dynamics during the transition. During the transition phase, the rotor
speeds are held constant to reduce the complexity and to simplify the controller design. Fig. 5
shows the block schematic of the SIL simulation using MATLAB and X-Plane. The figure also
provides an overview of the control scheme implemented in MATLAB.

/ System IP: XXX.YYY.ZZZ.68 /[ System IP: XXX.YYY.ZZZ.53
MATLAB 4\ P )
A . UDP PORT: 49003 PC-2 '
SSIMULINK UDP PORT: 49000
=
Status Flags

Flight Management System \

Get Flight Status
& Update:

Waypoints

+Waypoint Number

Pitch desired
Heading desired
(] [Velocity desired
Altitude desired
Tilt Angle desired
Waypoints

+Latitude
+Longitude I
+Altitude ‘
+Velocity

+Flight Mode

+Next Waypoint Number

Status Flags

Flight Control System

Tandem Wing Control
(Modified PID)

Quadcopter Control
(Modified PID)

For Integral Reset in PID

Tilt Angle Control

(PD Control) - = = » Feedback (X-Plane Data)

ubP
Communication

UDP
Communication

—— Flight Control (MATLAB Data)

U

Fig. 5 Software-in-the-loop simulation block schematic using MATLAB and X-Plane
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5.1 Modified PID control

Most linear and nonlinear controllers require the mathematical model of the system in
state-space form or some other representation to design a controller. It is challenging to design
an optimal control scheme without a proper mathematical model. PID controller does not
require the knowledge of the UAV model, and hence a modified PID controller is used.

Equations (17-20) show different PID controller implementations for pitch angle control
using elevator deflection as a control command. Equation (17) represents the conventional PID
controller implementation found in books and papers. Equation (18) represents the MATLAB
Simulink implementation of a conventional PID controller where the derivative part is
implemented as a combination of the filter with the filter coefficient N and derivative part in
the s-domain as shown in equation (20). Equation (19) shows the modified PID controller
implemented in this paper.

PID controller tuning is performed manually online while the simulation is running by
visually looking at the aircraft response and how the individual components of P, [ and D are
contributing to this behaviour. During the initial PID controller tuning attempts with a
conventional PID controller, the derivative term introduced oscillations primarily in the pitch
axis as it is inherently unstable for this selected model configuration. By further tuning, to get
reduced oscillations, either the response was slow for the optimum control effort, or the control
effort was too high for better response. So, the derivative control of error term is replaced by
the rate of change of control parameter (Q in case of the pitch control). Later this concept
evolved into the present modified PID controller.

deeTT
6e = Kpborr + K| f Ocrr + KDT (17)
N
6e = Kpberr + K| f Ocrr + KDW (18)
6c = Kpberr + K| f Ocrr + Kp (Qdes - Q) (19)

dae (7] ae
where, Qg0 = (d—) =T and Q = (d—)
t/ des n t/ Actual

(%) §= 1FN§ (20)

Equation (19) represents the block schematic shown in Fig. 6. Q4. represents the desired
rate and Q represents the actual current rate of the aircraft. Here, n is the scaling factor (n > 1)
based on which the desired rate is fixed as a fraction of the error value (6,,..). Higher values of
n result in a slow response, and lower values of n provide a fast response but with an increased
actuator control effort. The operating range on the actuator control limits the value of n. For
this simulation, n = 3 provides the desired response. In this method of implementation, the

Oerr
n
this method of a modified PID controller provides a better response with lesser control effort

when compared with the conventional PID controller presented in equations (17-18).

desired rate (—) changes dynamically based on the current error value. It was observed that

In the modified PID controller, the derivate part is replaced by the pitch rate control as
shown in Fig. 6. The desired pitch rate is a fraction of error in pitch and the fractional part is
adjusted during the tuning process. A smooth, non-aggressive control signal is generated using
this modified PID controller. The integral error values are reset during transition based on the
transition command (TransFlag) shown in Fig. 8(a).
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el
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+ C1)
. » Kp —/ b -
E

+

A A

+ levator_cmd
ProportionalGain
Scaling
w Q Kd for X-Plane
Pitch_Feedback L~
Scaling DerivativeGain
D,
Q_Feedback

Fig. 6 Block diagram of a modified PID controller

5.2 Thrust vector control

During the vertical flight, it is observed that an aerodynamic force is generated along the
longitudinal axis, hence the path traced by the flight is not exactly vertical but slightly inclined.
Thrust vector control (TVC) is implemented to cancel the forward aerodynamic force by
varying the tilt angle slightly beyond 90°. The TVC operating angle ranges from 88° to 110°.
Fig. 7(a) shows different forces acting on the wing during the vertical flight. It also shows the
lift and drag force defined for the direction of airflow (freestream velocity). A similar effect is
also seen in X-Plane as highlighted in Fig. 3. The green line in Fig. 3 represents the magnitude
and direction of the lift force, and the red line represents the magnitude and direction of the
drag. The magnitude of this force is high in the slipstream region and negligible in the
freestream region. The slipstream region experiences an increased airflow than the free stream
area as the slipstream region is directly below the rotor disc. This effect can be seen by
comparing Fig. 7(b) to Fig. 3.

Airflow
Direction| «F,

Leading Edge of Motor and tilt
Wing mechanism’

Range of
otor Airflow

/
o
§/ TT

1
Free stream area (b) Slip stream area

Fig. 7 (a) Aerodynamic force during vertical flight, (b) Free stream area and slipstream area of a wing in
quadcopter mode

X-Plane provides velocity along the three components of the earth axis system. X-Plane
uses the east-up-south coordinate system defined along the x-, y- and z- axes. These velocities
are converted to body frame using a rotation matrix as in equation (21).

o R 1

A modified PD controller is implemented to minimise the velocity along the x-axis in the
body frame (Vx,_) by controlling the tilt angle. The controller is similar to the modified PID

controller without an integral part.

@2y

6. Results and discussion

The simulation is performed with and without atmospheric disturbances in X-Plane. The
METAR data is used to produce atmospheric disturbance by enabling that option in X-Plane.
The controller performance and the aircraft responses are compared for both cases. The control
commands, aircraft response and state parameters are logged during the simulation via
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MATLAB and X-Plane. The logged data are then used for the performance analysis and
comparison.

Fig. 8 shows the aircraft state parameters of interest during the transition phase. During the
simulation, the desired altitude was set at 150 ft (45.72 m), and the desired pitch and roll values
are set at zero degrees with a true heading of 68.8 degrees. Fig. 8(a) shows the Trans Flag plot for
the simulation under disturbed and undisturbed flight conditions. Trans Flag is one of the
conditional flags based on which the transition from the quadcopter mode to the tandem mode (if
Trans Flag = 1) and vice-versa (if Trans Flag = 0) is performed. This transition (0 to 1) takes place
when the altitude goes above the set altitude (150 ft) and the other transition (1 to 0) takes place
when the distance to the landing site goes below the threshold value (Rry = 110 m).

Fig. 8(b) shows the tilt angle for both simulation cases. The tilt angle is varied between
0° and 90° for transition and from 88° to 110° for thrust vector control. The plot shows the
tilt angle around the 90° region over which the thrust vector control takes place.

For the disturbed flight conditions in the vertical flight, the wind direction is similar to a
headwind with some sideslip, as shown in Fig. 9(a). This headwind produces additional lift
assisting in a much earlier lift-off from the ground under disturbed flight conditions than that
under undisturbed flight conditions. This can be observed from the Trans Flag shown in Fig.
8(a) and the altitude plot shown in Fig. 8(c).
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Fig. 8 Timeline plot of simulation results (a-h)

For a headwind, the thrust required to hover is slightly reduced, and so is the power
requirement. Power consumption for hover flight can be minimised by aligning the nose of the
aircraft against the wind (maintaining zero sideslip). This behaviour adds to the advantage of
tilt-rotor over tilt-wing aircraft. However, due to the external disturbance, there is an increase
in drag, and so the cruise flight under disturbed flight conditions takes more time than under
undisturbed flight conditions.

Fig. 8(d) shows the pitch angle plot and the maximum deviation in pitch can be found
restricted to +5° even under atmospheric disturbance. Fig. 8(e) shows the roll angle plot with
a deviation of about +1.5° and +4° in the roll during the quadcopter mode without and with
atmospheric disturbance, respectively. Vy in the quadcopter mode is maintained close to zero
by varying the tilt angle slightly beyond 90°, which can be observed by comparing the tilt angle
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and Vy, plot in Fig. 8(b) and Fig. 8(f), respectively. The change in the true air speed (TAS)
during the entire flight can also be seen in Fig. 8(g). The speed controller maintains the TAS
during the cruise flight at 60 knots (30.87 m/s). The direction and velocity of the disturbance
wind under disturbed flight conditions are shown in Fig. 8(h). The average wind velocity and
direction were around 4 m/s and 30°, respectively.
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Fig. 9 (a) Disturbance wind direction definition (b) Altitude plot

Figure 9(a) shows the definition of disturbance wind direction for simulation conditions.
The effect of disturbance on altitude during flight is shown in Fig. 9(b). There is a change in
altitude of +10 ft during the transition phase, as shown in Fig. 9(b).

6.1 Transition control

Transition is one of the crucial phases of tilt rotors [3, 8, 19]. Two different controllers
were implemented, one for the quadcopter mode with differential thrust control [20] and the
other for the tandem mode with primary controls and a throttle. The output of the two modes is
then mixed to achieve complete control. To further simplify the control, mixed signals are
selectively applied based on the tilt angle and V. During take-off and landing only differential
engine controls are provided.

During the quadcopter to the tandem mode transition (0° < & < 90°) the engine speeds
are controlled based on the tilt angle as in equation (22). During this transition, the primary
controls are fully engaged.

Fi(t) = [Fi(ty)]g - sin& + [Thrust Command]r - cos & (22)

F; — thrust of i engine

F;(t;) — thrust at the start of transition time

[...]o — value corresponding to quadcopter mode

[...]7 — values corresponding to tandem mode

During the tandem to quadcopter mode transition (0° < & < 88°) primary controls are
fully engaged, and the throttle is made zero. During this transition period, the aircraft maintains
its flight by using its kinetic energy. Differential thrust for the quadcopter mode is gradually
applied once the tilt angle goes above 88°. The thrust vector control is also fully engaged for

& > 88°.

The drop in altitude during the tandem to quadcopter mode transition due to zero throttle
can be seen in Fig. 9(b). The overshoot after the drop in altitude can also be observed in the
altitude plot of Fig. 9(b). The total upward force during this overshoot is the sum of hover thrust
(Ty) and aerodynamic lift. From Fig. 8(g) it can be observed that during this overshoot the TAS
is around 10 m/s, generating additional aerodynamic lift leading to a gain in the altitude.
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Simultaneously, there is also a change in the pitch angle as the front wing generates more lift
than the rear, causing a nose-up moment. The negative pitch during take-off in undisturbed
flight conditions is due to the ground effect [32]. This effect is weaker in disturbed flight
conditions as the aircraft lifts off at lower rotor rpm.

7. Conclusion

A tilt rotor configuration which combines the hover capability of a quadcopter and flight
characteristics of a tandem wing is proposed in this paper. During the flight simulation, it is
observed that an aerodynamic force is generated along the longitudinal axis as the slipstream
region experiences greater airflow causing the flight to trace a slightly inclined path due to the
effect of velocity component Vy_ . So, to address the issue of velocity component Vy, thrust
vector control (TVC) is implemented during take-off, hover and landing. The TVC operating
angle ranges from 88° to 110° to cancel the generated forward force, maintaining Vy close to

zero during vertical flight.

The paper also focused on presenting the practicality of the configuration based on its
capability to provide smooth transition performance by designing an effective controller. The
modified PID controller provides better response than the conventional PID controller in terms
of reduced oscillations and actuator control effort. This high actuator control effort in the
conventional PID controller becomes an issue during hardware implementation in terms of
deflection limit and actuator power consumption. Tilt rotor control is achieved by mixing the
signals of two separate controllers implemented for the quadcopter mode and the tandem mode.
The maximum deviation in pitch is around +5° and it is £10 ft in altitude for both disturbed
and undisturbed flight conditions. The maximum deviation in roll angle is limited to +1.5° and
+4° for simulation without and with atmospheric disturbance, respectively. The proposed
scheme of transition control is found to be simple and effective in maintaining the flight with
acceptable deviation in the aircraft state.
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