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'e purpose of this paper is to develop a fixed-wing aircraft that has the abilities of both vertical take-off (VTOL) and a fixed-wing
aircraft. To achieve this goal, a prototype of a fixed-wing gyroplane with two propellers is developed and a rotor can maneuver like
a drone and also has the ability of vertical take-off and landing similar to a helicopter. 'is study provides guidance, navigation,
and control algorithm for the gyrocopter. Firstly, this study describes the dynamics of the fixed-wing aircraft and its control
inputs, i.e., throttle, blade pitch, and thrust vectors. Secondly, the inflow velocity, the forces acting on the rotor blade, and the
factors affecting the rotor speed are analyzed. Afterward, the mathematical models of the rotor, dual engines, wings, and vertical
and horizontal tails are presented. Later, the flight control strategy using a global processing system (GPS) module is designed.'e
parameters that are examined are attitude, speed, altitude, turn, and take-off control. Lastly, hardware in the loop (HWIL) based
simulations proves the effectiveness and robustness of the navigation guidance and control mechanism. 'e simulations confirm
that the proposed novel mechanism is robust and satisfies mission requirements. 'e gyrocopter remains stable during the whole
flight and maneuvers the designated path efficiently.

1. Introduction

Aerial vehicles have many usages in the academic, civilian, and
military areas due to significant progress made in information
technology, solid-state devices (SSD), and battery technologies
[1]. By installing cameras on aircraft, its applications can even
expand to technical data collection, reconnaissance and sur-
veillance, satellite farming, forest fire detection, and geo-
graphical surveys [2]. 'e above-mentioned uses of flying
aircraft are only a brief outline of its possible applications.
Recent research in aviation has produced a vast demand for
customized aircraft that can perform particular tasks and are
significantly more robust than older aircraft models. Also
considering the requirement of autonomous air vehicles, the
research area is substantially expanded, necessitating the use of
navigation tools and complex control mechanisms [3].

One type of aircraft is a fixed-wing flying machine. It is
an air vehicle that flies with the help of wings. 'e shape of

the wings and the forward airspeed of the aircraft helps the
wings produce lift. Fixed-wing is different from rotary-wing
air vehicles, in which the wings form a rotor attached to a
circling shaft [4]. 'e wings of fixed-wing air vehicles do not
have to be rigid. Researchers often compare fixed-wing
aircraft with helicopters. Although they have some simi-
larities, they differ as well. 'e engine drives a helicopter; its
control transmission system structure is also very complex.
Helicopters have the ability of vertical take-off and landing
[5] whereas fixed-wing aircraft can hover but it cannot take
off vertically [6]. It must take off the ground. Fixed-wing
aircraft cost less than helicopters, so they are suitable for
hobbyist purposes, too [4]. Figure 1 shows an example of a
fixed-wing UAV.

'e development of unmanned aircraft started as far
back as the early twentieth century [7]. In 1923, the test flight
of the C-4 rotor aircraft was successful, also known as the
“windmill aircraft” [8]. In 1929, a new type of PCA-2
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rotary-wing aircraft appeared, the first rotary-wing aircraft
to obtain a flight license [9]. In 1934, using direct control
rotor technology, the C-30 rotor aircraft achieved jump take-
off [10]. In 1939, the VS-300 helicopter with the charac-
teristics of a modern helicopter successfully flew [11]. Since
then, the helicopter has developed rapidly, and the upsurge
in research in helicopters has almost replaced the rotor
aircraft. In 1953, Igor Benson’s B-8M rotorcraft was suc-
cessfully tested [12]. It attracted the attention of many en-
thusiasts due to its simple structure, convenient use, and low
cost. In 1955, McDonnell xv-1 and Fairey Rotodyne high-
speed rotor aircraft was successfully manufactured [13]. 'e
flying principle is that the engine drives the rotor to take off
vertically, and then, the engine of the fuselage pushes it
forward. Finally, the engine with the tip of the rotor closed
provides the lift through the rotor rotation. In recent years,
Carter Copter and Hawk-4 high-speed rotary wings made in
the United States have appeared [14]. From the point of view
of their shape and structure, they are composed of the rotor
disc and fixed-wing vertical tail and flat tail related control
mechanism, which synthesizes the advantages of rotor
aircraft and fixed-wing aircraft [15]. 'ere is also some
development in the military transport aircraft market.

To develop a control strategy for the fixed-wing aircraft,
we first consider individual techniques like PID, LQR, or
using a neural network. Control systems are generally di-
vided into two categories, open- and closed-loop systems.
Proportional-Integral-Derivative (PID) controller is a
closed-loop control system. In the PID controller, a feedback
signal is used which senses the plant output and transmits it
back so that the system is able to adjust appropriately. Neural
networks are powerful tools that are capable of approxi-
mating numerous linear and nonlinear functions. In many
cases, these networks can adjust to varying input-output
relations.

After careful consideration, we came to the conclusion
that these techniques alone are not enough. We can com-
plement them and reduce their constraints by combining
them as one hybrid strategy. A modification of PID con-
troller constraints is needed for more precise control
mechanism. 'e PID controller is restricted because of the
constant constraints Kp, Ki, and Kd. 'is makes the output
of the control system not adaptable. Instead, a smart
adaptive control is proposed, which can adapt the control

constraints to increase the accuracy of the system. Having
the ability of learning and adaptableness of neural network,
the controller can resolve the aforementioned problems.'e
PID controller constraints will be adjusted and adapted
using the neural network so as to decrease the position error
regarding external disruptions.

'e primary motivation behind this research is to bridge
the gap that exists in academia related to hybrid fixed-wing
aircraft control techniques. Many research articles can be
found on the fixed-wing tilt-rotor gyroplanes using PID
control or adaptive control. 'is paper instead presents a
novel hybrid control technique that combines both the PID
and the neural network adaptive controller.

'emain contributions of this research are to construct a
new and novel model of aircraft that has the abilities of both
the (VTOL) and fixed-wing aircraft, to mathematically
model the aerodynamics of the aircraft, and to develop a
novel, hybrid control strategy using both the PID control
and the neural network adaptive control.

'e remainder of the paper is as follows. Section 2 presents
cutting-edge research in fixed-wing aircraft. 'en, Section 3
presents the dynamics of the fixed-wing aircraft including the
analysis of inflow velocity, blade force analysis, and factors
influencing the blade speed. Afterward, Section 4 offers the
mathematical modeling of the rotor, wings, and vertical and
horizontal tails. 'en, Section 5 analyzes attitude, speed, alti-
tude, turn, and take-off control and designs a hybrid control
mechanism. Section 6 presents the simulation platform and its
results. Lastly, Section 7 concludes the whole research.

2. State of the Art

'is section presents some of the cutting-edge research
into fixed-wing aircraft and their control design. Refer-
ence [16] modifies the classic model reference adaptive
controller to apply it to the station-keeping and landing
of a fixed-wing aircraft on a moving platform. It achieves
translational maneuvers without a change in pitch and
roll attitude. It does so by fitting the aircraft with side
force control and utilizing the direct lift control flaps. 'e
paper proposes a reference model such that position and
heading can be matched synchronously at touchdown.
'eir approach differs from the previous works as many
researchers did not explicitly address the attitude match
problem. Lastly, the results verify the efficiency of the
suggested algorithm. In another recent research on fixed-
wing aircraft, reference [17] offers a new design of the
aerial vehicle with independently tilt wings for different
flight movements. Contrary to traditional tilt wing air-
craft, this study attains the thrust vectoring and direction
control of the aircraft by tilting the main wings sepa-
rately. 'ese independently tilted wings help achieve
more effective movements of the aerial vehicle. A fixed-
wing aircraft with individually tilted main wings is a
rather new phenomenon in the aviation industry. It uses
the PID and PI controller for flight movement control.
'e results of simulations and experiments prove the
better efficiency of the proposed model than traditional
aircraft.

Figure 1: Fixed-wing UAV.
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3. Dynamics of the Fixed-Wing UAV

An aircraft is able to spin around three axes from the center of
gravity of the plane. 'e position control of the gyrocopter is
typically transformed into the angular control, namely, roll,
pitch, and yaw (φ, θ, ψ) [18]. Figure 2 presents the aircraft with
the reference coordinate systems. To describe themovements of
the gyroplane, two reference systems are required: the earth
frame and the body frame. 'e movement of the aircraft is
calculated by geographical maps; that is why this study uses an
Earth frame. 'e starting point of this system attaches to the
surface of the Earth, and the axes (Xe, Ye, and Ze) are pointed to
corresponding coordinates.'e body frame system (Xb, Yb, and
Zb) is the fixed body system that is positioned in the gravity
center of the gyrocopter where c1 and c2 represent the tilt
angles of the servo motors. Figure 3 shows the model of the
proposed aircraft with two propellers and a rotor.

'e key control inputs for a fixed-wing air vehicle are as
follows:

(a) 'rottle: it controls the engine speed and, therefore,
the movement of the propeller [19]. 'rottle handles
not only the forward speed of the aircraft but also,
more importantly, the rate of rising and fall, since
various airspeeds generate various extents of lift [20].
You can lift the aircraft a little without affecting the
speed just by increasing throttle. On the other hand,
reducing the throttle will make the airplane descend
before the speed decreases.

(b) Blade pitch: the hinged part of the horizontal tail
controls the pitch of the aircraft as shown in Figure 3.
'ey are at the back of the aircraft and are some of
the most significant control inputs. Blade pitch
controls the pitch attitude of the aircraft, i.e.,
whether the aircraft’s nose moves up or down [21].
'e nose of the aircraft points up when the blade
pitch is up and it points down when the blade pitch is
down.

(c) 'rust vectors: thrust vectors manage the turning of the
aircraft [22]. 'ey function as opposed to each other
which means that when one of them goes upwards, the
other one goes downwards. 'rust vectors function by
varying the lift over the wing. As a thrust vector goes up,
it disturbs the flow of air over that wing and so the lift is
decreased a little. 'e thrust vector on the other wing
goes down and the lift increases a bit. Consequently, the
aircraft tilts and, therefore, turns to the side that’s
undergoing decreased lift.

3.1. Inflow Velocity of the Rotor. 'e inflow velocity V is
divided into two main components as shown in Figure 4(a)
and given as follows:

V ⟶breaks down into V cos αR,

V sin αR.
 (1)

Taking a blade at a radius r as an example, the tangential
inflow velocity ut and perpendicular inflow velocity up of the

blade can be obtained by combining the rotor speed Ω and
the blade angle ψs as shown in Figure 4(b) and given as
follows:

ut � V cos αR sinψs +Ωr,

up � V sin αR + v + vβ,

⎧⎨

⎩ (2)

where v represents the speed of rotating blades and vβ is the
induced speed of the blade.

3.2. Blade Force Analysis. 'e aerodynamic force acting on
the profile is arbitrarily intercepted at a certain radius of the
blade as shown in Figure 5.

According to Figure 5, it is concluded that

dL � cL

1
2
ρu

2
cdr,

dD � cD

1
2
ρu

2
cdr,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(3)

dFp � dL · cos ε + dD · sin ε,
dFt � dL · sin ε − dD · cos ε,

 (4)

ε � arctan
up

ut

. (5)

Now, to get the center torque of the hub,

dQ � dFt · r �
1
2
ρu

2
cL sin ε − cD cos ε( crdr. (6)

In equations (3)–(6), blade force analysis parameters
have been presented in order to understand the dynamics of
the proposed system. It can be seen that the torque acting on
the blade varies as per the equation that can produce initial
torque and maintain the constant speed while in motion.

Furthermore, the rotor speed of the blade is given by

Ω �
1
Ib



QRdt, (7)

where the moment of inertia is Ib. Now, to define the angle
ε′,

ε′ � arctan
dD

dL
� arctan

CL

CD

� arctan
1
kc

, (8)

where kc is the ratio of blade radius to drag.
When the component dF of the aerodynamic resultant

force dR in the rotating plane is consistent with the rotation
direction, it drives the blade. When the direction is opposite
to the rotation direction, it hinders the blade.

When ε′ < ε, the blades in the radius section rotate in the
same direction, which drives the blades. Conversely, when
ε′ > ε, it hinders the blades.

When the hindering condition ε′ > ε, it establishes

arctan
1
kc

< arctan
up

ut

. (9)

Substituting the values of up and ut results in
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r>
kc V sin αR + v + vβ  − V cos αR sinψs

Ω
. (10)

For the different sections of blade radius r, the stop and
drive sections on the blade will change periodically with the
blade angle ψs. However, the rotor speed will remain
constant.

When ψs ∈ [0°, 180°], the part near the tip of the pro-
peller is the stopping section, which is relatively long. When
ψs ∈ [0°, 180°], sinψs < 0 and the stopping section is rela-
tively short. When ψs � 90° or 270°, the stopping section is
the longest.

3.3. Factors Affecting Rotor Speed. Figure 6 explains the
effects of inflow velocity and the rotor’s angle of attack on
rotor speed.

As is apparent from Figure 6, the rotation speed of the
rotor increases with the increase of inflow velocity and the
angle of attack of the rotor. Figure 7 presents the rotor speed
curve which is obtained from the ground blowing test.

Keeping the propeller angle of attack fixed at 4°, 6°, and
8°, the curve of the increasing speed of the rotor is obtained
when the inflow velocity changes as shown in Figure 7.

When the propeller angle of attack is constant, the rotor
speed increases with the increase in inflow velocity. When
the inflow velocity is constant, the rotor speed rises with the
increase in the propeller angle of attack.

3.4. Stability Analysis. When the center of gravity is above
the vector thrust axis, it is called the high center of gravity
state. When the center of gravity is below the vector thrust
axis, it is called a low center of gravity state. No matter the
state of the center of gravity, the aircraft will be in a
balanced state only when the total torque of the body is
zero. In the stability analysis of the aircraft body, the
relationship between torque produced by thrust vectors
MT and torque generated by rotor pull force MJ is as
follows:

MT + MJ � 0. (11)

As shown in Figure 8, the aircraft has a low center of
gravity state. In this state, suppose that a gust of wind
interference is given to the airframe, causing the airframe
and the main rotor blade to produce a positive pitch.
'erefore, the rotor increases the angle of attack Δα, and
the main rotor pull force changes from FJ1 to FJ2. 'e
angle will further increase the rotor speed. As the pulling
force generated by the main rotor and the relative center
arm increases, so an additional head-up torque ΔMy will
be generated, which further increases the airframe and
main rotor angle of attack. In the same way, when the
airframe is initially given a gust of interference to cause
the airframe and the main rotor blade to pitch in a
negative direction, the angle of attack of the airframe and
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Figure 2: Reference frame systems.

Figure 3: Our designed aircraft model.
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Figure 4: Inflow velocity analysis. (a) Breakdown of inflow velocity. (b) Tangential and perpendicular inflow velocity.
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the main rotor will be further reduced under the action of
the main rotor blade. 'erefore, the aircraft in the low
center of gravity configuration is unstable, which can be
represented mathematically as

ΔMy

Δα
> 0. (12)

As shown in Figure 9, the aircraft has a high center of
gravity state. At this time, a gust of wind interference is
also given to the body. 'e angle of attack of the rotor
blade increases Δα, and the main rotor pull force changes
from FJ1 to FJ2. At this time, the increased angle of attack
will further increase the rotor speed. Although the force
arm decreases, the increase in the pulling force of the
rotor is more obvious, so an additional head-down torque

is formed, which reduces the angle of attack of the body.
'erefore, the aircraft under the high center of gravity
configuration is stable, which can be represented math-
ematically as

ΔMy

Δα
< 0. (13)

4. Mathematical Modeling

'is section presents the mathematical modeling of the pro-
posed aircraft. First, themodeling of the rotor is discussed when
it is idle. Secondly, the wings and horizontal and vertical tails of
the fixed-wing aircraft are modeled. Finally, the full-state
modeling of the complete gyroplane is explained. When the
rotor rotates at a high speed around the axis and tilts because of
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the steering gear, the motor generates a gyro moment of the
impedance rotating shaft. 'e gyro moment can somewhat
affect the control performance and has been discussed exten-
sively in previous research articles.

4.1. Modeling of the Idle Rotor. When the rotor spins, the
component forces in three directions of r radius are dFp,
dFt, and dFr where equation (11) represents mathematically
the following:

dFp �
1
2
ρu

2
cL cos ε + cD sin ε( .cdr,

dFt �
1
2
ρu

2
cL sin ε − cD cos ε( .cdr,

dFr �
1
2
ρu

2
cL cos ε + cD sin ε( . sin β.cdr,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

where β is the spinning angle of the rotor. Equation (12)
presents the force and moment of the propeller disc.

TR � k 
2π

0


R

0
dFp ψs( ,

SR � k 
2π

0


R

0
dFt ψs( cosψs − dFr ψs( sinψs,

KR � k 
2π

0


R

0
dFp ψs( sinψs − dFr ψs( cosψs,

L � k 
2π

0


R

0
−rdFp ψs( sinψs,

M � k 
2π

0


R

0
−rdFp ψs( cosψs,

Q � k 
2π

0


R

0
rdFt ψs( ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

where k and R represent the number of blades and the radius
of the rotor blades, respectively.

4.2. Modeling of Dual-Engine Variable Crust Axis.
Figure 10 presents the schematic illustration of the single-
engine variable thrust axis, where (xp, yp, zp) is the position of
the engine thrust point and αp is the thrust axis angle. 'e
force andmoment of the left and right engines on the aircraft
can be obtained as
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pr

+

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

pl

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(18)

4.3. Modeling of the Wings and Horizontal and Vertical Tails.
Consider the fuselage and wings together to model their
aerodynamic force and moment which can be given as

Fx

Fy

Fz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

p

�

CXb

CYb

CZb

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦QbSb,

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

p

�

CLb

CMb

CNb

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦QbSblb.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(19)

'e aerodynamic force and moment of horizontal tail is

Fx

Fy

Fz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

hs

� Ths

−CDhs

0

−CLhs

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦QhsShs,

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

hs

�

0 zhs −yhs

−zhs 0 xhs

yhs −xhs 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Fx

Fy

Fz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

hs

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(20)

'e aerodynamic force and moment of vertical tail is
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Fx

Fy

Fz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

vt

� Tvt

−CDvt

CYvt

0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
QvtSvt,

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

vt

�

0 zhs −yhs

−zhs 0 xhs

yhs −xhs 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Fx

Fy

Fz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

vt

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(21)

4.4. Full-State Modeling of the Aircraft. Figure 11 presents
the full-state model of the proposed aircraft. By using
aerodynamics and particle mechanics, the models of the idle
rotor, twin-engine variable thrust axis, fuselage, wings, and
horizontal tail and vertical tail, are established, respectively.
'e resultant force andmoment are unified and transformed
into the body coordinate system.

Equation (19) presents the resultant aerodynamic force
and moment of the aircraft mathematically.

FΣ �

Fx

Fy

Fz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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resultant
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⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Thrust

+

Fx

Fy

Fz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Fuselage

+

Fx

Fy

Fz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Horizontal tail

+

Fx

Fy

Fz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Vertical tail

,

MΣ �

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

resultant

�

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Rotor

+

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Thrust

+

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Fuselage

+

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Horizontal tail

+

Mx

My

Mz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(22)

5. Designing of Flight Control Strategy

In this section, the attitude, speed, altitude, turn, and take-off
control are discussed. At the end of this section, the hybrid
control mechanism is also discussed in detail.

5.1. Attitude Control. 'e rotor blade provides the main lift
and control surface. Dual-engine variable axis thrust is the
main control mechanism, which constitutes control of the
rotorcraft. Attitude control of the rotor blade represented by
δe can be given as

δe � Kθe θd − θ(  + 

Kiθe θd − θ( dt + Kqeq. (23)

Attitude control of the dual-engine variable thrust axis is

Δδaϕ � Kϕ ϕd − ϕ(  + 

Kiϕ ϕd − ϕ( dt + Kpp,

Δδaθ � Kθa ϕd − ϕ(  + 

Kiϕa ϕd − ϕ( dt + Kqaq,

δal � −Δδaϕ + Δδaθ,

δar � Δδaϕ + Δδaθ.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(24)

Figure 12 presents the dissection of the lateral force
acting on the rotor aircraft when it turns. To balance this
force, the conditions are

TR cos θR + Tp sin αpl − Tp sin αpr cos ϕ + L � G,

TR cos θR + Tp sin αpl − Tp sin αpr sinϕ �
mV

2

R
,

TR sin θR + D − Tp cos αpl − Tp cos αpr � 0,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(25)

Δϕd � Kdd + 


Ki dd( dt + K _d
_d. (26)

5.2. Speed Control. 'e main factors affecting the speed of
the rotor aircraft are the resistance of the rotor blade and the
forward thrust of the engine. 'e closed-loop control of the
speed is implemented by manipulating the relative pitch
angle of the rotor blade and the engine thrust. 'e best
control effect cannot be achieved by operating alone.
'erefore, considering the influence of blade resistance, it is
essential to coordinate and change the pitch angle of the
rotor when controlling the speed. 'e pitch angle of the
rotor blade is given as

Δθd � KθV KV Vd − V(  + KiV


Vd − V( dt . (27)
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5.3. Altitude Control. Due to the rotation characteristics of
the unmanned rotor aircraft, the pull force of the rotor blade
is related to the angle of attack and the inflow velocity, so
increasing the angle of attack or the speed of the rotor
aircraft can increase the lift of the rotor aircraft and increase
the altitude.

Coordinated manipulation of the thrust axis of the
engine can directly change the amount of lift, but it will
reduce the speed which is given as

Δnd � KnH KH Hd − H(  + 

KiH Hd − H( dt + K _H

_H .

(28)

Figure 13 shows the aircraft when it takes off and breaks
down the various forces and moments acting upon it which
are given as

θ ∈ 0, θb , θb � arctan
hf − Δhf  − hr − Δhr( 

lf + lr

⎡⎣ ⎤⎦,

ϕ ∈ [−ϕ(h), ϕ(h)], ϕ(h) � arcsin
h

hmax
− arcsin

hmin

hmax
, h ∈ hmin, hmax .

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(29)

'e equation of longitudinal motion is

m
dV

dt
� Tp cos αpl + cos αpr cos α − TR sin αR − G sin c − D − Ff − Fm,

m
dα
dt

� mVq − Tp sin αpl + sin αpr sin α − TR cos αR − L + G cos c − Nf + Nm cos α + Ff + Fm sin α,

My � Iz _q,

c � θ − α.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(30)

5.4. Hybrid Control Mechanism. Developing a control
mechanism for the aircraft is the most essential feature of
this study. Several control strategies for our project in-
cluding using only PID and LQR or using neural networks
have been analyzed. After examining different algorithms,
we concluded that the best mechanism for our aircraft would
be a hybrid of PID and neural networks. 'ese algorithms
and their combination are disused hereinafter.

5.4.1. PID Control. Control systems are generally divided
into two categories, open- and closed-loop systems [23, 24].
Proportional-Integral-Derivative (PID) controller allows us
to enable feedback and use control action, and as a result, a
close-loop control system is attained. In PID controller, a
feedback signal is used which senses the plant output and
transmits it back so that the system is able to adjust ap-
propriately. In feedback control, there is a reference signal
which is the preferred setting.'en, the system compares the
reference signal with the feedback signal. 'e difference
between the reference and the feedback signal is the error.
'e error is then sent to a controller which turns it into an

instruction that is then again directed to the plant. 'e PID
controller forces the error to become zero as with more
iterations.

5.4.2. Hybrid Control Using Neural Networks. Neural net-
works are powerful tools that are capable of approximating
numerous linear and nonlinear functions. In many cases,
these networks can adjust to varying input-output relations.
'ese NN can also correctly map multivariable functions.
'ey are simple to implement in hardware as well.

A modification of PID controller constraints is
needed for a more precise control mechanism. 'e PID
controller is restricted because the constraints Kp, Ki, and
Kd are constants. 'is makes the output of the control
system not adaptable. Instead, smart adaptive control is
proposed, which can adapt the control constraints to
increase the accuracy of the system. Having the ability of
learning and adaptability of neural networks, the con-
troller can resolve the aforementioned problems. 'e PID
controller constraints will be adjusted and adapted in the
best way so as to decrease the position error regarding
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external disruptions. External disruption could include a
dynamic environment or rough weather which could
knock the aircraft off the track.

Figure 14 represents the block diagram of the neural
network. 'e parameters used are Kp which is the PID
proportional gain, Kd is the derivative gain, and Ki is the PID
integral gain whereas ep is the system error between desired
and actual output, ei is integral of the system error, and ed is
the difference of the system error. On the other hand, x(k) is
the input signal of the sigmoid function and satM(x) is a
nonlinear saturated sigmoid function. Finally, k is the dis-
crete step sequence.

Figure 15 presents the structure of the nonlinear PID
controller using a neural network for a single Degree of
Freedom (DOF). In this example, consider that the pitch
angle but the control algorithm will be implemented in the
same way for other degrees of freedom (altitude, yaw, and
roll) as well. Neural networks are trained by the traditional
backpropagation algorithm to reduce the system error
between the desired and actual output. In this figure, θd(k)

and θ(k) represent the desired and actual pitch angle,
respectively, while ΔT is the sampling time and Mθ(k)

denotes the torque generated by the pitch of the aircraft
body.

Figure 16 presents the block diagram of the hybrid con-
troller. In this figure, r(t) represents the desired value, u(t) is the
control variable, y(t) is the process variable, yr(t) is the reference-
adjusted process variable, and e(t) is the error value.

6. Simulation and Discussions

6.1. Testing Platform. Table 1 presents the technical speci-
fications of the fixed-wing aircraft. 'e aircraft weighs al-
most 300 kg even without payload. It has a maximum speed
of around 250 km/h and needs 15-meter runway to take off.

Figure 17 presents the overall framework of the system.
As is apparent in the figure, the two main parts of the system
are a ground part and an airborne part. 'e ground part
mainly consists of the ground control station, antenna, and
display computer. 'e airborne part has a radio, antenna,
sensors, and a central processing unit that controls the whole
process.

Figure 18 shows the ground measurement and control
station. 'e ground measurement and control station
mainly includes a human-machine interface, serial

communication, and data storage modules. 'e software
of ground measurement and control station is developed
with C++ language under the VC development platform,
and the dynamic control, GMS control, and NI active
control are used for programming. Serial communication
is to send remote control data at fixed time intervals and
interrupt to receive telemetry data sent by the flight
control computer. 'e human-machine interface (HMI)
contains the following main modules: GPS parameter
information, rotorcraft flight status information, steering
gear output information, joystick lever, button infor-
mation, flight mode display information, simulated at-
titude change animation, and signal light display. 'e
operator can conveniently control the rotorcraft flight in
real time through the HMI. Figure 19 presents the pro-
totype of the fixed-wing aircraft which contains the
airborne part of the overall control system.

6.2. Simulation Test. 'e simulation test of the proposed
aircraft is essential to prove the relevant control strategy and
flight control system designs are able to control the ma-
neuvering of the aircraft. On the basis of the whole aircraft
flight control system, a simulation computer is added to
form a semiphysical simulation platform. Figure 20 presents
the simulation platform.

'e core of the aircraft simulation model is the math-
ematical model written in C++ language. 'e numerical
integration method is used to express the 12th-order dif-
ferential equation of the model, and the fourth-order
Runge–Kutta method is selected. Considering the working
resources of the computer and the need for simulation
accuracy, the integration step is set at 5 milliseconds. 'e
working principle of simulation is as follows; when the
communication of the whole simulation system is con-
nected, the take-off instructions are sent by the ground
measurement and control station, and the flight control
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Figure 13: Take-off diagram.
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computer sends the control instructions to the simulation
model. After the received commands and data are processed
and solved by the model, the simulation computer sends the
attitude angle, angular rate, position, and height information
to the flight control computer, and the GPS module also
sends the signal to the flight control computer. 'ere is no
direct connection between the simulation model and the
ground measurement and control station, so the flight
control computer must be used as the communication
bridge. On the simulation platform designed above, a full
flight simulation verification of the aircraft was carried out to
verify the function of autonomous flight according to a
predetermined track. Using the proposed control strategy,
the entire rotorcraft flight phase experiences flight condi-
tions such as take-off, climbing, maneuvering, straight flight,
and gliding, which can verify the effectiveness of the
designed control strategy. Figure 21 shows the complete
flight tracked by the simulation model.

For the full-state flight simulation, the data is sorted out
within 200 seconds of the initial stage of the rotorcraft
simulation. In Figure 22, the proposed control mechanism is
working and the aircraft closely maneuvers the pre-
determined route.

'ere are three control inputs of the proposed aircraft,
namely, throttle, left and right thrust vectors, and blade pitch
angle control. Figure 23 presents a response curve of the
pitch angle and the forward speed of the aircraft body when
only the throttle control input is changed to increase the
throttle opening. When the throttle is manipulated to

increase the throttle opening, the engine speed will be in-
creased, which in turn produces greater engine thrust. 'e
increased engine thrust will further increase the forward
flight speed of the body in the forward component of the
body.'e rotational speed of the rotor is affected by its pitch
angle and relative inflow velocity. 'erefore, the increased
forward flight speed will significantly increase the rotor
speed and the rotor pulling force. If the pitch angle of the
rotor is not controlled at this time, then the vertical com-
ponent of the increased rotor pull will increase the height of
the aircraft, and the forward component will hinder the
acceleration of the aircraft’s forward flight. 'erefore, if you
want to accelerate the flight at a fixed altitude, you need to
increase the throttle opening and coordinate to reduce the
pitch angle of the rotor blade.

Figure 24 represents a response curve of the pitch
angle and the forward speed of the aircraft body when the
pitch angle is increased by controlling the blade pitch
only. When the airframe increases the blade pitch under
the initial condition of level flight, the increase of the
angle of attack will cause the rotor to speed up and the
pulling force produced by the rotor to increase. On the
one hand, the increase of the rotor pull force will form an
upward acceleration in the vertical component, and the
height of the aircraft will continue to increase. On the
other hand, the component in the forward direction will
reduce the forward speed of the aircraft, and the reduced
speed, in turn, acts on the rotor, so that the rotational
speed and the pulling force of the rotor will be also be
reduced. Under this action, the blade angle of attack
increases, the flight altitude gradually increases, and the
forward flight speed continues to decrease. Finally, the lift
and gravity balance and the aircraft body reach a new
stable state.

Figure 25 shows a response curve of the pitch angle
and the forward speed of the body when only the left and
right engine thrust vectors are manipulated in the same
direction. 'e vector thrust engine can deflect up and
down in the longitudinal direction and can be used as the
longitudinal control amount when the two rotations in
the same direction are changed at the same time and will
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Neutral
Networks

Fixed Wing
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r (t)
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e (t)
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Figure 16: Block diagram of the proposed hybrid controller.

Table 1: Technical specifications of the aircraft.

Parameter Value
Total weight (without payload) ∼300 kg
Wingspan 5m
Maximum payload ∼25 kg
Maximum speed ∼250 km/h
Take-off distance <12m
Climbing slope ∼50°
Rate of turn 45° to 60°
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not affect the lateral control. Assuming that the airframe
is in a horizontal and straight flight motion at a certain
altitude, the left and right engine thrust axis deflection
control amounts are simultaneously increased by the
same positive value, i.e., the thrust axis deflection up-
wards at the same time, and the throttle opening remains
unchanged. 'is causes the left and right engine thrust
components to decrease in the forward flight direction,

while the vertical flight component increases. 'e in-
crease in the vertical flight component will increase the
height of the aircraft, and the reduced forward flight
direction component will cause the aircraft to fly forward.
'e reduction in speed and the reduction in forward
speed reduce the rotation speed of the rotor, and the pull
of the main rotor continues to decrease. Eventually, the
vertical lift of the main rotor and engine vector thrust
balances with gravity, and the body reaches a new stable
state.

Figure 26 presents the roll angle and roll angular rate.
'e roll angle responds to the thrust vectors which control
the roll of the aircraft. As is apparent in the graph, the roll
angle of the plane changes sharply at around midway of
flight and then recovers in a few seconds. Now, the angular
rate increases when there is an increase in the original angle
and decreases when there is a decrease in the original angle.
When the roll angle starts to decrease around the 125 s
mark, the angular rate also registers a negative spike around
the same time. When the roll angle starts to increase again
around the 145 s time, the angular rate also starts to
increase.

Figure 27 shows the responses of the pitch angle and
pitch angular rate, respectively. 'e pitch angle corresponds
to the blade pitch which means that when the plane is lifting
up, the pitch angle will change, which can be seen in the
graph. Now, the angular rate changes when there is a var-
iation in the original angle. 'erefore, whenever there is a
sharp variation in the pitch angle, we see the subsequent
positive or negative spike in the angular rate as well. Minor
fluctuations throughout the angular rate are noticed because
the pitch angle is never constant. Instead, it keeps hovering
between certain values and hence we see the fluctuations in
the subsequent graph.

Figure 28 presents the yaw angle and yaw angular rate.
As discussed in Section 3, thrust vectors control the yaw
of the aircraft. When the thrust vectors move to the left,
the aircraft turns left, and when the thrust vectors move
to the right, the plane turns right. Yaw is mainly used
when the aircraft loses its track because of some obstacle
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Figure 17: 'e overall framework design of the system.

Figure 18: Ground measurement and control station.

Figure 19: Fixed-wing aircraft.
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Figure 21: Tracking the flight of the aircraft.
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or strong winds. Hence, there is an insignificant variation
in the yaw angle of about 5° around 150 s. 'e corre-
sponding angular rate registers even this minute change
and demonstrates the increase and then decrease in the
yaw angle accordingly.

Figure 29 offers the velocity and the altitude of the
aircraft. 'e aircraft slightly picks up the pace and then
maintains that speed over time. Similar is the case with
the altitude. It gradually increases its altitude and then
maintains it for the rest of the flight.
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7. Conclusion

'is research article gives guidance, navigation, and control
algorithm for a new and novel fixed-wing aircraft based on the
hybrid model. 'e designing of the mathematical model of the
proposed work has been characterized by the hybrid strategy of
PID and Neural Network approach along with maneuvering.
However, the attitude, altitude, speed, turns, and take-off
control of the fixed-wing UAV are studied, respectively. Af-
terward, a GPSmodule is used in the flight control strategy.'e
flight control system of the rotor aircraft is implemented and set
up the semiphysical simulation platform and carried out the
simulations. 'e simulation results that are HWIL based ver-
ified the effectiveness and stability of our proposed technique.
We intend to apply our designed method to the hardware and
test the application of our designed method in a real-life
scenario.
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