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ABSTRACT This paper presents a review of the various control strategies that have been conducted to
address and resolve several challenges for a particular category of unmanned aerial vehicles (UAVs), the
emphasis of which is on the rotorcraft or rotary-wing systems. Initially, a brief overview of the important
relevant definitions, configurations, components, advantages/disadvantages, and applications of the UAVs is
first introduced in general, encompassing a wide spectrum of the flying machines. Subsequently, the focus is
more on the two most common and versatile rotorcraft UAVs, namely, the twin-rotor and quadrotor systems.
Starting with a brief background on the dual-rotor helicopter and a quadcopter, the full detailed mathematical
dynamic model of each system is derived based on the Euler—Lagrange and Newton-Euler methods,
considering a number of assumptions and considerations. Then, a state-of-the-art review of the diverse
control strategies for controlling the rotorcraft systems with conceivable solutions when the systems are
subjected to the different impediments is demonstrated. To counter some of these limitations and adverse
operating/loading conditions in the UAVs, several innovative control techniques are particularly highlighted,
and their performance are duly analyzed, discussed, and compared. The applied control techniques are
deemed to produce a useful contribution to their successful implementation in the wake of varied constraints
and demanding environments that result in a degree of robustness and efficacy. Some of the off-the-shelf
developments in the rotorcraft systems for research and commercial applications are also presented.

INDEX TERMS Rotary-wing system, Rotorcraft, Unmanned aerial vehicle, Twin-rotor helicopter,
Quadcopter, Hexacopter, Linear/non-linear controllers, Robust/adaptive control, Artificial intelligence,
Disturbance rejection, Slung or swing load motion, chattering effect, Nontrivial maneuvers, Collision
avoidance, Fault-tolerant control, Autonomous system, Shared autonomy, Teleoperation, Machine learning.

I. INTRODUCTION

There is no doubt that the field of unmanned aerial

Society of Automotive Engineers (SAE), automated
functionality ranges from no automated features (level 0) to full

vehicles (UAVs) is one of the pivotal areas of research that has
attracted researchers from various academic and industry
disciplines. Not surprisingly, the high concentration of UAVs
applications is due to the rapidly growing global technological
prosperity and several desirable features such as light weight,
high maneuverability, low cost, and fuel efficiency. This leads
to utilizing them in a wide range of applications such as
surveillance, aerial photography and video, mapping and traffic
monitoring, search and rescue, meteorological reconnaissance,
civil and military tasks [1].

Before we begin to move forward on the UA Vs, let us first
briefly discuss the different types of systems. Based on
robotics, the systems may be divided into three categories:
autonomous, shared autonomous, and teleoperation systems.
An autonomous system is a system with some level of
automation to assist or replace human control. Based on the

automation (level 5) [2]. While the shared autonomous system
is the integration of human interaction using a feedback loop
with system autonomy to generate a bilateral shared control
system. It is a user-system interaction to achieve shared goals
[3], [4]. Meanwhile, teleoperation is the full operation of the
system by the user but performed remotely [5].

Regarding unmanned aerial systems (UASs), a block
diagram architecture of the different systems is demonstrated
in Figure 1. While the different types of autonomous and
shared autonomous systems with their advantages and
disadvantages as well as real-time applications are shown in
Table 1.

The term UAYV is utilized to depict any vehicle that has no
one on its board amid its flight. UAVs can be categorized by
five parameters, namely, size, mission, capability, degree of
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autonomy, and aero-structural configuration [6] described as
follows:

Size: The size where the maximum take-off weight
(MTOW) is the factor that distinguishes between aerial
vehicles:

<2 kg — micro

2-20 kg — small

20-150 kg — medium

> 150 kg - large

Mission: It includes six fundamental points; surveillance,
combat, transportation, support, communications, and target.

Capability: It relates to performance, such as range,
endurance, speed, payload, and service ceiling.

Degree of autonomy: It relates to guidance, planning, and
self-accomplishment of the assigned tasks.

Aero-structural configuration: It concentrates on design,
configuration, and the interconnection between the fields of
structure and aerodynamics.
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Figure 1. The different unmanned aerial systems [3], [4], [7], [8]-

Types of autonomous and shared autonomous systems with their advantages,

TABLE 1

disadvantages, and real-time applications [3], [4], [7], [8].

monitors the
execution of the
autonomously
working system.
Advantages e Time-saving e Exploit the benefits
e Much safer of human control and
e Extra navigation machine control.
systems and maps o Safe navigation,
control, and stable
interaction.

e Extend human
operators  sensing
and manipulation
capability.

Disadvantages ¢ High cost for | e Safety concerns
implementing the | e Policy and
technology operational

e Complex framework
communication e Large time delay
networks e Limited bandwidth
e Hacking and security and insufficient
aspects visibility of visual
e Lacks adaptation in feedback signal-
difficult and complex based design
tasks

Real-time e UAVs eSearch and rescue

applications e Flying in hazardous mission
or radiation areas ® Monitoring and

Autonomous Shared Autonomous
Systems Systems
Types Scripted Shared/Guided
e Systems that are | Control
basically autopilots e Focus on the control
e Perform preplanned generating from the
scripts  of actions user towards the
based on foreseen system which has its
events to accomplish own control loop
the mission objective and is autonomously
reacting to  the
Supervised environment and
e Allow the evolution executes the
of mission sequence specified action.
Intelligent Traded Control
e Allow the evolution |® The user and system
of mission objective take turns.
e Aims to implement
the human directives
2

inspection tasks

Each type of UAV is equipped with some basic
components such as, the body (structure) that connects the
entire system with each other, and the propulsion system or
power supply that propels or lifts the entire structure in a certain
direction and resists the drag force. Also, sets of sensors that
monitor specific parameters and groups of actuators that drive
certain subsystems in the desired positions. Finally, a
combination of the data processing unit, flight controller, or
communication systems, which is responsible for planning,
navigation, and guidance [9].

Due to the many features of UAVs such as ease of
maintenance compared to manned vehicles, small size, high-
mobility, self-stability, and automatic navigation, they gained
great global attractions over the past three decades. They have
been used in a wide range of applications, for instance, search
and rescue, image processing and analysis, remote sensing,
precision agriculture, real-time monitoring of road traffic,
security and surveillance, freight transport, civil infrastructure
inspection [10], measuring hazardous gases [11], providing
wireless coverage [1], [10], monitoring of forest resources and
real-time forest fire [12], and thermal detection of the human
body using a built-in thermal camera in the case of spreading
of some viruses such as COVID-19.
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Based on the classification of aerodynamic configuration,
UAVs are usually classified into three categories as shown in
Figure 2 [13]:

(1) fixed-wing aircraft, with the advantages of long-

endurance, long-range, and high cruise speed.

(2) rotary-wing or rotorcraft such as the helicopter,

quadcopter, hexacopter, octocopter, etc.

(3) flapping-wing aircraft, which fly like birds and

insects [14].

Aerodynamic

Configuratio
Classification

} 1 ]
Rotary wing
Helicopter | Quadcopter

Fixed Wing Flapping wing

Octocopter

.

FIGURE 2. UAVs classification based on aerodynamic configuration [13].

Each classification has its design specifications,
advantages, and shortcomings [15], as shown in Figure 3.
Another promising trend is the hybrid UAVs, which can
combine the advantages of both fixed-wing and VTOL systems
such as in the work done by [1], [16]. In this work, the focus is
more on the rotorcraft systems due to their numerous features
and applications.

Rotorcraft or rotary-wing systems, among other types of
UAVs, are distinguished by their ability to take-off and land
vertically, hover in one spot or limited zones, perform swift
maneuvers, and fly backward or sideways. The different types
of fixed and multirotor with their advantages and disadvantages
as well as real-time applications are shown in Table 2.

TABLE 2
Types of fixed and multirotor systems with their advantages, disadvantages,
and real-time applications [1], [17], [18].

Fixed Multirotor
Types Straight Wing: Helicopter
e Rectangular UAYV with dual rotors
Straight Wing
o Tapered Straight | Quadcopter
Wing UAYV with four rotors
e Rounded or
elliptical ~ straight | Hexacopter
wing UAV with six rotors
Swept Wing: Octocopter
o Slightly swept UAV with eight rotors
wing
o Moderately swept | Decacopter
win UAV  with twelve
g
rotors

o Highly swept wing

Delta Wing:
o Simple delta wing

e Complex delta
wing
Advantages o Higher flight safety |e Ability to take-off
® More energy- | and land vertically
efficient ¢ Landing/take-off
e Longer range and substantial area is not
endurance required
e Excellent stability | ® Ability to hover in
one spot
e Ability to perform
agile maneuvering
Disadvantages e Lacks  hovering |e Lower speeds and
capability shorter flight ranges
e Need more space |e Small payload
for take-off and capacity
landing
Real-time o Surveillance e Aerial photography
applications o Aerial mapping and video recording
o Military tasks o Aerial inspection

There are various types of rotorcraft systems, such as the
helicopter, quadcopter, hexacopter, octocopter, decacopter, etc.
Among these models, helicopter and quadcopter can be
considered the most widespread flying machines nowadays and
have attracted many researchers over the past few years due to
their many benefits and uses. However, for heavy payloads and
shorter flight durations, hexacopter and octocopter are the best
options however are relatively expensive and heavy with higher
energy consumption [13]. Thus, this paper concentrates on the
twin-rotor helicopter and quadcopter and the derivation of their
mathematical models, as case studies while various control
strategies for all rotorcraft UAVs were discussed.

Comparison between rotary-wing, fixed-wing,
and flapping wing UAVs

= Rotary Wing
= Fixed Wing

Flapping Wing

Figure 3. Comparison between rotary-wing, fixed-wing, and flapping wing
UAVs.

The helicopter is a multi-variable, nonlinear, and strongly
coupled system. A two degrees of freedom (2-DOFs) helicopter
model is a dual-rotor laboratory experimental rig that is
commonly used as a test platform, to verify the effectiveness of
control strategies designed for a real helicopter system. It
consists of two propellers at both ends of a beam pivoted on its
fixed base allowing to rotate freely in both the vertical and
horizontal planes. The front rotor, which is horizontal to the
ground, is the main rotor and causes a pitching moment around
the pitch axis while the back or tail rotor generates a yawing
moment around the yaw axis. Both the front and back rotors
generate a torque on each other resulting in the coupling effect.
The beam is driven by two perpendicular propellers that are

3
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actuated by two DC motors. A number of researches have been
conducted to develop control techniques for the twin-rotor
helicopter over the past decades to provide appropriate robust
solutions in demanding environments.

On the other hand, the quadcopter is a multirotor UAV that
is lifted by four rotors and consists of a rigid body connected
by four propellers with fixed-pitch blades as their airflows point
downward to generate a lifting upward force. The propellers'
axes of rotation are fixed and parallel to each other. Also, the
quadcopter has two pairs of identical propellers, two rotate
clockwise (CW) while the other two counter-clockwise
(CCW), allowing the quadcopter to be controlled by varying
the speed of rotors. The arrangements of rotors with respect to
the quadcopter body coordinate system usually lead to three
quadcopter configurations: the ‘X’, ‘+’, and ‘H’ types. Each
configuration has its advantages as the first type is the most
stable design among them while the second configuration is
more used for acrobatic flight and the last one is utilized for
races [15], [19].

The quadcopter has six DOFs, namely, x, y, and z which
are translational motions, and ¢, 8, and y which are rotational
motions, and only four propellers (inputs); throttle, roll, pitch,
and yaw motions. If one of the pairs rotates CW and the other
CCW (equal in magnitude), then this is considered having a
yaw motion tendency causing the quadcopter to bend either
right or left around the vertical axis. For the upward and
downward movements (+Throttle and -Throttle), all four rotors
should be accelerated up or down at the same speed. To move
forward/backward (pitching) or right/left (rolling), a difference
in the angular velocities must occur between the pairs, as shown
in Figure 4 [13]. Therefore, the quadcopter model is an
underactuated mechanical system with two degrees of
underactuation.

Height (Throttle) Roll
Move Down Move Up Bend Left Bend Right

Pitch

D A S

Move Forward Move Backward Rotate Left Rotate Right

(> Normal Speed
€ ) High Speed
Figure 4. Quadcopter movements [13]

Rotorcraft UAVs encounter several challenges during the
flight-related to instability, moving and fixed obstacles, motors
failure, trajectory tracking, external disturbances, model
uncertainties, etc. Before discussing the different control
strategies that have been proposed to solve some of these
impediments, it is deemed necessary to describe adequately the
mathematical model as it plays a vital role in understanding the
behavior of the dynamic system. In this study, the mathematical

4

models for both the 2-DOF helicopter and quadcopter systems
were fully derived in the following section as case studies.

The motivation for this work stems from the need to
provide a state-of-the-art review of the current and diverse
control systems that have been proposed for a specific and
widespread class of the UAVs called rotorcraft or rotary-wing
aircraft. Moreover, a comparative discussion of the differences
between linear, non-linear, and intelligent control strategies in
terms of the advantages and drawbacks of each system is
presented to reach the most appropriate selection based on
various difficulties faced by rotorcraft systems and other
factors that may affect their performance in successfully
completing their missions. Several novel and innovative
techniques are also introduced to provide a successful operation
in various loading and operating conditions with added
robustness in challenging environments. Furthermore, several
research problems that need more attention are highlighted.
Lastly, some of the off-the-shelf developments in rotorcraft
systems for research and commercial use are presented.

The rest of this paper is set as follows: Section 2 describes
the dynamics of the 2-DOF helicopter and quadcopter under
certain considerations. Then, a state-of-the-art review of
various control strategies and innovative techniques are
discussed in section 3. Section 4 shows some of the current
developments in rotorcraft UAVs. Finally, the conclusion is
presented in section 5.

Il. MODELING THE SYSTEM DYNAMICS

The mathematical model has an essential role in
describing the properties of the dynamic system. Thus, it is
necessary to obtain an accurate dynamic model whose
functional details are the inputs to the control system. In the
following sections, the mathematical models of the 2-DOF
helicopter and quadcopter were derived, as case studies of the
rotorcraft systems. The FEuler-Lagrange formulation was
utilized for the 2-DOF helicopter model, while the Newton-
Euler method was used for the quadcopter system, considering
various considerations and assumptions.

2.1 2-DOF Helicopter Modeling
In this section, the mathematical model of the 2-DOF
helicopter model is derived according to the work done in [20].
The 2-DOF helicopter model was derived based on the
following assumptions [21], [22]:
= The main and back rotors are the same size and
equidistant from each other
= Both the front and back rotors generate a torque on
each other.
= The model is horizontal and parallel to the ground
when the pitch angle is zero.
= The pitch angle increases positively when the front
rotor is moved upwards, and the body rotates CCW
about the y-axis and the front rotor voltage is positive.
= The yaw angle increases positively when the body
rotates CCW about the z-axis and the back-rotor
voltage is positive.
= As the system is fixed, it cannot rotate around the roll
axis or move along the axis.
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To derive the model of the 2-DOF helicopter, it is
necessary to note that the center of mass displaces a distance
l.m on the x-axis, as shown in Figure 5. Thus, after undergoing
a transformation of the coordinates based on the pitch and yaw
rotation matrices, the center of mass, is as follows [20]:

Xem = lemcosycosf
Yem = lemsinycosé 1)

Zem = lemsing

Where 6 and v are the pitch and yaw angles, respectively, l.,
is the distance of the center of mass and intersection of the pitch
and yaw axes. The center of mass is represented by the
Cartesian coordinate with respect to the pitch and yaw angles.

Based on the free body diagram of the 2-DOF helicopter
shown in Figure 5, the total potential energy (PE) of the system
due to gravity is [20]:

PE = mygl.,sinf 2)

The total kinetic energy (KE) based on Figure 5, is the
combination of the rotational KEs acting on the pitch and yaw
motions, respectively. The translational KE generated by the
movement of the center of mass is given by [20]:

KE

_1 62 1 e

= gje + E/w‘l’

+ 5y [(—Sin(l,b)lj)COS(e)lcm (3)

— cos(1,[J)Sin(t9)télcm)2
+ (—cos(t/;)t/)cos(@)lcm
+ sin(l,l))sin(e)élm)2 + cos(6)%6212,,

Where,

Jo Jy . total moment of inertia about the
pitch and yaw axes, respectively

my :  total moving mass

The torques generated at the pitch and yaw axes are a
function of the voltages applied to the motors [23],

7(t) = Kgoup(t) + Koyuy (t)
“4)
Tllj(t) S Kwelle (t) + K¢¢U¢(t)

Where,
T9(t), Ty(t) : control torques act on the pitch axis
and yaw axes, respectively

ug(t), uy(t) :  control actions applied as motor
voltages to the pitch and yaw rotors,

respectively
Koo : torque thrust gain from the pitch
rotor
Koy :  cross-torque thrust gain acting on
the pitch from the yaw rotor
Kye :  cross-torque thrust gain acting on
the yaw from the pitch rotor
Kyy :  torque thrust gain from the yaw rotor
X axis Z (Yaw) axis
Back (tail) rotor P>0
Yaw (Azimuth) angle, i CCW

Horizontal Thrust, F, Fg

Fy .

x l:’:{/
Fg

>0 Ty ,

¥ (pitch) axis CCW

Front (Main) rotor
Pitch (elevation) angle, &
Vertical Thrust, Fg

Figure 5. Free-body diagram of the 2-DOF helicopter model.

The generalized forces vector is given by [23]:

Q=1[0Q,0:] = [Keeue.(t) + Koyuy(t)
— Dg0(2), Kweue(t) (%)
+ Kq,q,uq,(t) - D¢l/}(t)]

Where Dg and Dy, are the damping about the pitch and yaw
axes, respectively.

From the Lagrangian of the system, the non-conservative
forces of the system are written as [23]:

d oL d 0
g, o=
9oL 9 ©
atdg, 04, @

Where,

g1 and q, generalized coordinates 6 and 1),
respectively

L . Lagrangian equation which is

the difference between the total
kinetic and potential energies of
the system, L = KE — PE

Based on the Euler-Lagrange formulation, the nonlinear
dynamic equations of motion that describe the motions of the
pitch and yaw with the servo motor voltages can be described
as follows [24]:

Jo + myl2,)8 + Db + a + 8

7
= Keelle + Keq,uq, ( )
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Where,
a = myl2,,y)?sin(0)cos(9)
B = myglemcos(6)
(]qJ + mylZ,cos(0)?)P + le,b -y ®)
= Kyeug + KyylUy
Where,

y = 2myl2,,sin(0)cos(6)0y

For the control design, and by linearizing the system
around an operating point, the linearized model can be
expressed as [25]:

o + mnlZm)6(t) + Deb(t)
= Keeue + Kewuw

Uy + mnlém)ih(£) + Dyp(£)
= Kwel{e + qu,uq,

©))
(10)

The closed-loop schematic block diagram of a 2-DOF
helicopter model is shown in Figure 6.

Pitch 8 f f
Subsystem "

U\‘J
e . + i Controller 0;“:!:“
04, _ ﬂ ‘
Actual Uy .
0,9 Yaw
Subsystem
TRMS model

Figure 6. Schematic block diagram of a 2-DOF helicopter model.

2.2 Quadcopter Modeling

The quadcopter is a non-linear MIMO dynamic system
that has a complex structure with high non-linear terms. Thus,
obtaining the mathematical model is considered a difficult task
[15], [26]-[28]. In this section, the detailed mathematical
model of a quadcopter system was derived based on the work
done in [29], [30].

2.2.1 Coordinate Frames

To derive the dynamics of the quadcopter, the coordinate
frames used to describe the motion must be initially defined.
Figure 7 shows the earth (inertial) fixed frame with xg-yg-zg
axes and the body fixed frame with xg-yg-zg axes. The distance
between the earth fixed frame and the body-fixed frame is the
absolute distance between the center of gravity of each other,
s. Here, the Euler angles were utilized for describing the
orientation of a model in space with respect to the earth
coordinate frame by defining two intermediate coordinate
systems: Frame 1 and Frame 2 beside the earth and body-fixed
frames. Let RE defines the rotation from the earth fixed frame
to the body-fixed frame. Therefore, the rotation RE is given by:

fy pf
RE = Jktef';RffRE1 (11)

Where the notation Rg indicates a rotation from earth
Frame E to Frame 1 which is the first intermediate frame, and

Rgf indicates a rotation from Frame 1 to Frame 2 which is the

second intermediate frame wherein, RfB2 describes a
transformation from Frame 2 to body Frame B. Therefore, the
complete rotation matrix from the body-fixed frame to the earth
fixed frame R is given by:

R =R§
ceflp spsbcyp —copsy  cpsOcy + spsy
= |cOsyp spsOsyY + cpcyp  cpsOsy — spcyp
—s6 s¢pcl cpch

(12)

Note that in equation (12) and other related equations that
follow, ¢ = cos and s = sin.

A quadcopter can be considered as five inflexible bodies
associated together in relative motion [26]. These five bodies
are the quadcopter body itself B, and four propellers r; attached
to the rigid body as shown in Figure 8.

Zg

Earth
(Inertial)
Fixed Frame

Zp
W

TAow Ve

Front

—+" Body Fixed

o] AT
Right CW  Frame

Xg W
Xg

Figure 7. Earth (inertial) fixed frame and the body-fixed frame.

Let Frg: {Og, xg, Y, 2z} be the earth fixed frame attached
to its center of gravity Og whereas, Frg: {Og, Xg, Vg, Zg} be the
body-fixed frame attached to its center of gravity Og. Also, the
rotors frames are taken to be parallel to each other and attached
to their centers of gravity OFi. They are given by
Frri: {Ori'xri'yri'zri} where i = 1, ..., 4 and are parallel to the
body-fixed frame.

In this study, the dynamics of the quadcopter model were
obtained based on the Newton-Euler method as it is deemed
more suitable for modeling based control [19].

2.2.2 Simplification Assumptions

The quadcopter model was derived based on the following
assumptions [19]:

= The quadcopter model is rigid and symmetrical.
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= The center of gravity of the quadcopter model
coincides with the body-fixed frame origin.

=  The propellers of the rotor are inflexible (no flapping
blade).

=  Thrust and drag are proportional to the square of the
propeller’s speed.

= The axes of the quadcopter coincide with the axes of
the body-fixed frame.

Figure 8. Thrust, moment, and rotational speed of each rotor in the
quadcopter.

The quadcopter is a six DOF system and has two sub-
systems; the translational sub-system that describes its position
(x,y,z) and the rotational sub-system which describes its
orientations (¢, 8,1). The quadcopter model is considered an
underactuated system as it has four independent control inputs
used to control the six DOF motions.

Consider a quadcopter is represented by a mass m. Based
on Newton’s second law, the translation motions of the
quadcopter, that is described in the body frame, is obtained by
considering its forces F, described in earth frame by:

d
E _ _ E
FE = m— (VF) (13)

It is more practical to express equation (13) in terms of the
body-fixed frame. To achieve this, the Coriolis equation that
relates the vector derivatives at two distinctive frames through
an angular velocity vector, w is used to describe the angular
rotation of the body-fixed frame with respect to the earth fixed
frame [31].

Therefore YF® will be as follows:

YFB =mv8 + 0B x (mvB) (14)

Where w is the angular velocity vector and equation (14) is the
non-linear translational motion.

For the rotational sub-system, the angular momentum of a
body with inertia matrix J is described in earth frame as
follows:

d
ME =] 2 (") (15)

Similar to the expression described for the forces in
equation (14), the Euler equations may be described in the
body-fixed frame to provide the rotational motion. Therefore
Y MB can be expressed as:

YMB = J&B + wB x (JwP?) (16)

2.2.3 Dynamics of Quadcopter

A. Translational Equations of Motion

Based on equation (14), with reference to Figure 8, and
the assumption that the perturbations are small when the
quadcopter hovers at a lower height, therefore the translation
equations of motion based on Newton’s second law are as
follows [30]:

YFB =mpB a7
0
mﬁBz[ 0 |+RFg+D—Fy (18)
—mg
0
Fg = 0
Fi+F,+ F; + F,
0 1 2 3 4 0 (19)
Kp(w? + wy? + ws? + wy?) Uy
Where,
m : mass of the quadcopter
F,g : non-gravitational forces acting on the

quadcopter
Fy : dragforces, [kyx k,y k3z]T; where,
ky,k,,and ks are the aerodynamic translational

coefficients
D : disturbances,D=[d; d, ds]T
Ky : aerodynamic force coefficient
U; : altitude control input
w; . rotational speed of rotor i

After rearrangement, the translational equations of motion
are given by [29]:

i= % (cpsOcy + spsyp) — k% + dy (20)
U
j = El (chsOsy — spcy) — k, ¥ + d, (@2))
.U .
i=— (cpch) — g —k3z +d; (22)
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It is obvious that the translational subsystem is
underactuated and depends on both the translational and
rotational state variables as shown in Figure 9.

B. Rotational Equations of Motion
By using the Newton-Euler method and with reference to
Figure 8, equation (16) can be expressed as [30]:

Jo = [Mpis + M — Mg — Mp,] — 0w X Jw (23)
F, = Kpwy® (24)
M; = Kywi® (25)
Where,
J : diagonal inertia matrix,
Ik 0 O
] =10 Iyy 0 ;
0 0 I,
Lyx, Iyy, and 1, are the moments of inertia

about the principal axes in the body frame,
and Iy, = Ly, = Iyy = Iy, = I,y = I,;, = 0,
since the quadcopter structure is symmetric
W : angular velocity vector in the body frame,
¢ ¢
w=|glandw = |§
Y Y
Mp;s : random disturbance moment
M :  moments acting on the quadcopter in the body
frame
Mg : gyroscopic moments due to rotors’ inertia
and can be expressed as:

0
Mg =w X I 0 l (26)
]I'wl“
= ], is the rotor inertia constant.
=  w; is the rotor relative speed,
Wy = Wy + Wy — Wsq — Wy

My, : air friction moment
Km : aerodynamic moment coefficients

Note that, w; is the rotational speed of rotor i, while w is
the angular velocity vector in the body frame and w is the linear
velocity in zg axis in the body frame.

Each rotor causes an upward force (lift F;) and a moment,
M; with direction opposite to the rotational speed of the rotor,
4. Propellers 1 and 2 rotate in the same direction (CW) while
Propellers 3 and 4 rotate in the other direction (CCW) leading
to stability in the entire model, balance in the overall torque,
and cancelation of the gyroscopic and aerodynamics torques in
stationary flights, as shown in Figure 8.

The total moment in x, y, and z directions are given by:

IKp(uwr3? — wy?) ,
M= IKp(wy? — wy?) = [1U; 27
KM(—W12—w22+W32+W42) U4

Where, [ is the moment arm, which is the distance between
the center of the rotor and the center of gravity of the body
frame. U,, U, and U, are the rolling, pitching, and yawing
control inputs, respectively.

Therefore, by substitution into equation (23), the
rotational equations of motion are given by [29]:

. W, 0w, .. (ly—Iy
= Mgy + 2 — +90 )
=M+ 70 T YT (28)
— k4
. U, ¢ oLy — 1
9 — qu +_3+ ¢]rwr +¢¢ 7Z XX
Iyy Ly Lyy
— k<6 (29)
. Uy . (L — Ly .
= Mg+ + ¢0 (7) —k
1/) dr + Izz + ¢ Izz 61/) (30)

Where
» ky, ks, and kg : the aerodynamic friction coefficients
" Mgp, Mqq, and My, : the random disturbance moments

The relationship between the control laws and angular
speeds of the four rotors, from equations (19) and (27) is given
as:

U, Ke  Kp Ke Kp 1[wf
U _| o 0 Kie —Kp |[w? a1
U3 - _KF KF 0 0 /(,()’32

Thus, to get the angular speeds as a function of the control
laws, the inverse of equation (31) needs to be obtained.

It is obvious that the rotational subsystem is fully actuated
and depends only the state variables x; — x4 that correspond to
[¢ & 6 6 4] asshown in Figure9.

By linearizing the dynamic system around an operating
point, the linear model of the quadcopter is given by [32]:

.U,
o=
. LU
9 = 1—3
yy (32)
.. U4
Y=
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Figure 9. Schematic block diagram of a quadcopter.

lll. CONTROL STRATEGIES

Rotorcraft systems are multi-variable, non-linear, and
highly coupled systems. While performing certain missions,
they face many challenges such as obstacles, external
disturbances, parametric and non-parametric uncertainties, etc.
Therefore, designing a robust and efficient controller is of
significant interest to stabilize the rotorcraft systems and
improve their performances in either normal or complex
environments. Usually, the proposed control strategies present
acceptable results in the ideal case however indeed there are
differences in their performance and effectiveness on dynamic
systems. Thus, to reach the best performance of the control
systems, there are some analysis tools used to assess and
optimize them, such as [19], [33]:

= Integral Squared Control Input (ISCI), ISCI =
fttof u? (t)dt
= Integral Squared Error (ISE),

tf
ISE=J e? (t)dt
t

[

= Mean Absolute Error (MAE),

ty
MAE:f le| (t)dt
to

= Integral Time Squared Error (ITSE),
tr
ITSE:f te? (t)dt
t

0

= Integral Time Absolute Error (ITAE), ITAE =
[ tlel (©)de

= Maximum
MAE = max|e]|

= Error Variance (EV)

= O = Ae+ Bty + CMp,, where e, tg, and Mp,, are
steady-state error, settling time, and percent
overshoot, respectively, A, B, and C are positive
constants and O is the objective/fitness functions.

Absolute Error (MAE),

In the next sections, a state-of-the-art review of the various
control strategies that have been conducted to control the
rotorcraft systems exposed to different impediments is
presented as the most commonly used types of controllers are
shown in Figure 10. In this study, the rotorcraft UAVs were

divided into three categories, namely, the twin-rotor (i.e., twin-
rotor system or 2-DOF helicopter), quad-rotor (or quadcopter),
and multi-rotor (i.e., more than four rotors such as hexacopter,
octocopter, decacopter, etc.) systems.

Control
Schemes
Linear Non-Linear Artificial Hybrid
Intelligent Y
D Sliding Mode | | . Machine Neural
controller LOREOC ‘ Control |B*'°1‘{Ste"1"“i1 Learning ‘ Networks
. Model
PP Adaptive A 5
H-infinity y | Predictive Fuzzy Logic
Control |- contral
Feedback
Linearization

Figure 10. Control systems classifications.

3.1 Twin-Rotor Systems

Starting with linear controllers, one of the most common
control systems in this category is the proportional-integral-
derivative (PID). It is the most popular control unit in the
industry because of its simplicity, ease of design, and ability to
provide a preliminary satisfactory performance with relatively
minimal control efforts [34]. The essential matter in designing
a PID controller is the proper selection or tuning of its gains,
i.e., the proportional term (Kp) which expresses the present
error, the integral term (K;) which describes the accumulated
past error, and the derivative term (Kp) which predicts the
future error. They can be tuned using a trial-and-error method
(TEM) or any optimization algorithms.

The PID controller has been proposed for the TRMS (twin
rotor MIMO system) wherein it can be combined with other
complementary algorithms to enhance its behavior. Maiti ef al.
[35] proposed, via systematical and experimental means, a
particle swarm optimization (PSO)-based PID controller in
addition to utilizing a cross-coupling technique for reaching the
desired position without any unwanted movements during
trajectory tracking. Pandey et al. [36] also implemented,
analytically and practically, a robust PID controller tuned using
a bacterial foraging optimization (BFO) method, to solve the
stabilizing problem of a twin-rotor helicopter subjected to
actuator nonlinearity, disturbances, and uncertainties, on the
basis of Kharitonov robust stability criteria. However, PID
compensation is unsuccessful to reject various types of
disturbances or model uncertainties and its performance is
strongly influenced by the coupling effect as well.

One of the recent methods that drew attention and is
considered more effective than the conventional PID controller
is a fractional-order PID (FOPID). The difference between the
conventional PID and FOPID is as follows:

The ideal form of a PID controller in the time domain is:

t

u(t) = Kpe(t) + Klf e(t)dt + Kp % (33)
0

Or in another form:
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K
u(t) = Kp + ?I + Kps (34)
However, the difference in the FOPID is:
K
u(t) = Kp + 57 + KDSu (35)

If A = u =1, thenitis considered a description of the classical
PID controller, as shown in Figure 11. The FOPID reveals
better efficacy against disturbances and model uncertainties
while PID exhibits limited ability to reject disturbances [37].
However, the point of concern about FOPID is the proper
estimation of the FOPID's gains. In the work done by [38], the
study utilized the sequential quadratic programming (SQP)
optimization algorithm to optimize the FOPID control
parameters for a dual-rotor helicopter subjected to strong non-
linear and coupling effects. The results showed the FOPID
controller outperformed the standard PID counterpart. Ates et
al. [39] also presented, experimentally and numerically, a
model-independent fine-tuning FOPID controller, for a double-
rotor helicopter, using master-slave stochastic multi-
parameters divergence optimization (SMDO) strategy where
the results demonstrated the effectiveness of the suggested
strategy in adjusting the reference model and FOPID and
allowing more fitting without prior knowledge of the model
assumptions simultaneously. Moreover, ljaz et al. [40]
designed a FOPID controller adjusted using Nelder Mead (NM)
optimization method and it turned out to be more effective
when compared with FOPID tuned using PSO, and the
traditional PID controller as well. However, the proper tuning
of FOPID controller gains poses a problem in the case of multi-
DOFs systems.

PD PID

P PI

9 >

OT i=1 2

Figure 11. The difference between PID and FOPID.

The linear quadratic regulator (LQR) is also a linear
control system used to control the attitude and position tracking
of the helicopter system. Almtireen et al. [41] proposed three
linear control designs which are full state feedback (FSF),
LQR, and standard PID, and the results showed better
performance for LQR at the expense of greater control effort.
In another study, Choudhary [42] studied the optimal control
design of a LQR control unit with a prescribed degree of

stability and the simulated results showed satisfactory tracking
performance.

Another linear controller that has caught the attention in
TRMS control is the H, control method. Pazera et al. [43]
implemented, empirically, a new robust sensor-fault tolerant
control scheme composed of a robust state and fault estimator
and a H, controller to solve sensor problems. Further, Witczak
et al. [44] introduced a novel robust state and fault estimation
design in the presence of external disturbances and unknown
inputs, using the H., approach to achieve a certain level of
attenuation with observer convergence. However, the H.
controller needs a high level of mathematical treatment with
poor robustness.

Several research works have been carried out using the
non-linear controllers for the helicopter system. In this case,
Lyapunov functions are utilized to ensure stability as
Lyapunov’s theorem is the basis for designing backstepping
control (BC) and sliding mode control (SMC) methods. For
BC, Huang et al. [45] displayed, practically and systematically,
a model-free backstepping (MFBS) control scheme to solve the
problems of model uncertainties, coupling effects, and time-
varying parameters of a 2-DOF helicopter system where the
results showed the superiority of the MFBS compared to LQR
controller. Haruna et al. [46] also proposed a new adjusted dual
boundary conditional integral BC to achieve stability, efficient
asymptotic output regulation without degrading the transient
execution, accurate trajectory tracking, and precise attainment
of a specific position. Moreover, Rashad et al. [47] proposed,
empirically and numerically, a new non-linear control structure
based on an integral BC approach with disturbances observers,
and filtering extension for a double-rotor helicopter system in
the presence of external disturbances and uncertainties. The
effectiveness and strength of the suggested control unit were
demonstrated in improving trajectory tracking in complex
environments or any arbitrary paths with the ability to reject
any external constant disturbances in case of partial failure in
the actuator.

Regarding SMC, Rojas-Cubides et al. [48] suggested a
robust control scheme combining a first-order SMC approach
with a high-order generalized proportional integral (GPI)
observer to handle fault and parametric uncertainties, non-
linearities, and external disturbances, and verified simulation
results experimentally on a 2-DOF helicopter where the
proposed controller showed good results in terms of robustness
and disturbance rejection capability. Faris et al. [49]
demonstrated the real-time implementation of a decentralized
SMC for a TRMS that revealed the efficacy and robustness of
the proposed controller in stabilizing and efficiently rejecting
the external disturbances. Rashad er al. [50] investigated,
experimentally and analytically, a robust tracking controller for
a helicopter system subjected to external disturbances and
model uncertainties with a partial failure in the actuator, by
utilizing integral sliding mode disturbances observer SMC
(SMDO-SMC). The results exhibited that the suggested control
approach could provide less tracking error with lower control
action and effective behavior due to parametric uncertainty.
Rakhtala and Ahmadi [51] designed a second-order SMC to
handle the pitch and yaw angles of a TRMS in the presence of
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model uncertainties, noises, and external disturbances where
results indicated the effectiveness of the proposed control
structure in reducing the tracking errors and rate of fluctuations
with no chattering effect.

In regards to adaptive control, Kulkarni and Purwar [52]
proposed a new adaptive non-linear gain based composite
feedback controller (AND-CNF) for a 2-DOF helicopter
system under input saturation for improving the system
dynamic response. The results revealed the efficiency of the
suggested control scheme in improving the settling time and
root mean square error (RMSE) with acceptable overshoot and
tracking of the desired paths as well. Moreover, Kavuran et al.
[53] demonstrated both experimentally and analytically, the
implementation of a fractional-order adjustment rule-based
model reference adaptive control (FOAR-MRAC) strategy
combined with the standard PID controller to a twin-rotor
helicopter model, by modifying the model approximation error
utilizing a piecewise linear, near-zero dead zone function.
Roman et al. [54] applied the data-driven model-free adaptive
control (MFAC), model-free control (MFC), and virtual
reference feedback tuning (VRFT) strategies for controlling a
dual rotor aerodynamic model.

For the feedback linearization (FBL) approach, Xin et al.
[21] proposed an input-output feedback linearization tracking
control method for controlling a 2-DOF helicopter model by
utilizing improved resetting and overlapping implementation of
an algebraic differential estimation strategy. Both the
simulation and experimental results showed better performance
and precise trajectory tracking of the proposed control strategy
when compared to the LQR controller. Pandey et al. [55] also
presented an adaptive control method-based feedback
linearization strategy, to solve the poor convergence, large
transient responses, and uncertainties in the TRMS
performance. In this work, it was shown an improvement in
transient behavior, steady-state error, and tracking response.
Furthermore, Chi [56] suggested an adaptive feedback
linearization controller both practically and analytically to
solve the tracking problem of the helicopter system in the
presence of external disturbances and uncertainties with
flexible dynamics, non-linearities, and cross-coupling effect.
The results showed the robustness and effectiveness of the
proposed controller in improving the paths tracking capability
and accuracy.

From the previous discussion, the BC scheme efficiently
eliminates the steady-state error while the SMC provides less
tracking error with lower control action and higher efficiency
in rejecting the parametric uncertainty. Further, the non-linear
controllers are clearly effective in improving the tracking
responses efficiently considering different loading and
operating conditions. However, applying Lyapunov functions
does not always give good performance and accuracy, and the
use of non-linear controllers may lead to adverse effects such
as chattering, oscillations, and noises. Ilyas et al. [57] designed
first-order SMC and BC schemes to deal with the oscillations
and chattering in pitch and yaw angles where BC shows better
results in handling them compared to SMC. Concerning the
strong cross-coupling effect and non-linearity between the
main and tail rotors, Raghavan and Thomas [58] presented a

model predictive control (MPC) design, via systematical and
experimental means. The results revealed its ability to reject
these effects and provide better performance compared to the
SMC and PID controllers.

With the expansion of artificial intelligence (AI), many
researchers employed it individually or in conjunction with
other control systems to enhance the performance of rotorcraft
systems. One such innovative intelligent control strategy is
iterative learning control (ILC) or the so-called betterment
process which is a type of adaptive intelligent control that acts
smartly to enhance automatic control systems and achieve
better performance in reference tracking. It is based on
improving the transient response of dynamic systems that
operate repetitively over a fixed time interval [59]. It also
enhances the system performance by utilizing the prior
information of the previous iterations [60], as shown in Figure
12.

In the work done by [61], ILC was applied to a double-
rotor helicopter system both numerically and experimentally,
to achieve higher efficiency in trajectory tracking. ILC is
considered one of the more promising intelligent and adaptive
methods as it features ease of design and implementation
characterized by its inherent simple and linear algorithms and
its ability to adjust its control parameters automatically and on-
line. This is in contrast with some other seemingly advanced
control techniques that involve complex mathematical
treatment and require tuning of their parameters typically in an
off-line mode, thereby deemed posing some difficulties for
real-time implementation in real-world applications.

Control Action, uy ’T‘ Plant Qutput, y;
an ‘
Iterative Learning error, e(t) » ) Yiesred
Controller

Figure 12. The schematic diagram of the iterative learning method.

g1

In the meantime, fuzzy logic (FL) and artificial neural
network (ANN)-based artificial intelligent systems are
promising computational tools because they rely on training
experience and continuous learning  ability  [13].
Behzadimanesh ef al. [62] designed an observer-based optimal
fuzzy state feedback controller for discrete-time Takagi—
Sugeno fuzzy (TSF) system via LQR based on non-monotonic
Lyapunov  function, and compared its capability,
experimentally, with the optimal fuzzy feedback controller
design based on common quadratic Lyapunov function to
achieve relaxed stability conditions with less conservatism. It
is deduced that the control method based on non-monotonic
Lyapunov function is more effective to track the reference and
reject disturbances than the common Lyapunov function,
however, at the expense of a little more control effort. Roman
et al. [63] proposed a hybrid control strategy that includes a
second-order data-driven model-free control (MFC), PI
controller, and TSF controller. They showed that the control

system with the MFC-TSF algorithm outperforms the
11
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conventional MFC algorithm-based controller. In other work,
the entropy-based optimized FL control (FLC) tuned using the
genetic algorithm (GA) method was studied experimentally and
its efficacy was compared with the traditional PID controller
[64]. The obtained results implied a substantial enhancement in
the reference tracking capability for the twin-rotor helicopter
system. Meanwhile, Zeghlache and Amardjia [65] proposed a
control scheme combined the FLC with the SMC where the
results showed the effectiveness of the proposed controller in
reaching the desired position and attenuating the chattering
effect efficiently.

For the ANN, Dheeraj et al. [66] analyzed analytically, the
adequacy and achievability of a direct adaptive control law via
a radial basis function (RBF) neural network utilizing the FBL
approach on affine non-linear systems such as TRMS in the
absence of comprehensive information where the outcomes
implied the superiority of this approach in developing suitable
control law for the MIMO systems without any knowledge of
non-linearities. Lin et al. [67] also proposed a new control
structure combining the FBL method and feedforward neural
network control to solve the tracking problem of the twin-rotor
helicopter with disturbance decoupling capability. The
simulated results showed the efficiency of the proposed
methodology in improving the desired tracking and disturbance
decoupling performance. Agand er al. [68] demonstrated,
experimentally the efficiency of using an adaptive neural
network based inverse dynamic control (IDC) for a helicopter
system. In this work, an enhancement in the steady-state
performance of two to three times compared to the
conventional PID was exhibited. It is obvious that the FLC and
ANN-based methods show reductions in the tracking error and
weight drift; however, they need several simplifications in the
model dynamics to reduce the computational power and pre-
knowledge for initialization.

3.2 Quad-rotor Systems

Numerous linear, non-linear, and intelligent control
systems have been implemented both analytically and
experimentally, to control the quadcopter system in the wake
of a number of difficulties encountered.

Many research works employed the conventional PID
controller to stabilize the quadcopter system, individually or in
combination with other sub-control units to improve its
capability in different operating conditions. PID gains can be
adjusted using TEM [69], a look-up table such as Ziegler-
Nichols (ZN) [28], or any optimization technique including the
GA [19], [29], [70], and PSO [71]-[73]. Putra et al. [74]
proposed a PID controller tuned using the fast GA technique
where results demonstrated its superiority over the
conventional GA in speeding up the optimizing generation
achievement and reducing the simulation execution time.
Hasseni et al. [75] carried out a comparative study of a PID
controller based on stochastic nature-inspired algorithms of
GA, evolution strategies (ES), differential evolutionary (DE),
and cuckoo search (CS) to control a quadcopter according to a
reference tracking task. The success of the GA and ES in
obtaining the best path tracking was revealed. However, the ES
controllers had rotational sensitivity. In the work done by [76],

12

a comparative study was performed based on the optimal PID
controller tuned using PSO, BFO, or PSO-BFO techniques to
analyze the system output responses. It was observed that the
PSO-BFO-based PID strategy performed better than other
control schemes considered in the study. Moreover, the Al
methods can be utilized for tuning the PID gains.

Integrating the intelligent system with the PID control,
Dong and He [77] designed a new control strategy that
combined the PID-ILC and FLC to reject the applied
disturbances and model uncertainties. The results demonstrated
the effectiveness of the suggested strategy in improving the
performance of the dynamic system in the presence of small or
large lumped disturbances, or external wind gusts. In addition,
FL can be used to tune the PID control parameters in case of a
sudden change in the dynamic system parameters for varied
operating and loading conditions [78], [79]. Demir et al. [80]
applied the attitude control and real-time trajectory tracking of
a UAV through the use of a self-tuning (ST) fuzzy-PID
controller. The results demonstrated its outstanding
performance in reducing the reference tracking error compared
to the conventional PID.

One of the innovative strategies used to control the
quadcopter system is the FOPID which is the generalized form
of the standard PID controller but deemed to have much better
performance, stability, and robustness [81]. Shi et al. [82]
presented a fractional-order backstepping SMC method for a
quadcopter system. The efficacy of the planned scheme in
reducing the chattering effect and improving reference tracking
performance in the presence of complex paths accompanying
disturbances has been demonstrated. Further, Ayad et al. [83]
studied full control of a quadcopter aircraft using a FOPID
control scheme, taking into account the gyroscopic and non-
linear effects. Han ef al. [84] also designed a fractional order PI
controller to control the pitch loop of a quadcopter subjected to
a wind gust. However, the effectiveness of the FOPID was not
experimentally validated without considering the external
disturbances and model uncertainties to verify the sensitivity of
the proposed strategy.

Other popular linear control systems used to control the
quadcopter system are the LQR and linear quadratic Gaussian
(LQG) with their performance compared to other control
strategies. Fessi and Bouallegue [85] discussed the modeling
and control of a quadcopter model using a PSO-based LQG
controller. The results implied the superior behavior of the
proposed strategy in terms of fastness convergence, solutions
quality, and exploitation capabilities in comparison to other
algorithms. Additionally, Du et al. [86] proposed a new
distributed consensus formation control algorithm based on the
LQR optimal control and finite-time control theory to solve the
distributed formation flying control problem for a group of
quadcopter aircraft under a leader-following structure. The
results revealed the effectiveness of the control strategy in
converging all the quadcopter models to the required formation
pattern in 3D space. Meanwhile, Smirnova and Smirnov [87]
examined two diverse methods which are the PID and LQR
methods applied to a quadrotor system. They demonstrated that
the LQR controller was more robust and caused a low steady-
state error though at the expense of a high transition time.
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Other researchers implemented the H. controller for the
quadcopter system because of its robustness in rejecting the
model uncertainties and external disturbances.
Noormohammadi-Asl et al. [88] suggested a H., controller for
a quadcopter model to cope up with the unmodeled dynamics
and unknown parameters. The experimental results indicated
the robustness of the designed controller in providing better
tracking performance compared to a well-tuned PID and u
synthesis controllers. Wang et al. [89] also proposed a H.,
attitude tracking control scheme for a quadcopter UAV to
implement a large angle flip and complex flight maneuvers.
The ability of the proposed controller to reject the applied
disturbances and improve robustness was shown via a
simulation study. Further, Li et al. [90], presented a robust H.,
fault-tolerant control strategy to regulate the attitude of a
quadcopter system exhibiting the efficacy of the proposed
controller in stabilizing the aerial vehicle with rapid response
and small fluctuations while at the same time, efficiently
attenuating the applied disturbances. Ortiz et al. [91] developed
arobust H,-PID controller both in simulation and experimental
works, for attitude and rotational moments regulation in the
presence of unmodeled dynamics and uncertainties. The
performance showed more effectiveness and robustness of the
proposed scheme when benchmarked against the conventional
PID controller.

The development and implementation of non-linear
control systems have become a necessity, due to the realistic
and inherent non-linearities in the real-world dynamic systems
and the need to deal with a wide range of operating and loading
conditions that cannot be adequately handled and covered by
linear controllers. SMC has been employed for controlling the
quadcopter model due to its insensitivity to modeling errors,
disturbances, and uncertainties. Maqgsood and Qu [92]
developed a novel non-linear disturbance observer integrated
with a gain scheduled SMC for a quadcopter subjected to
parametric uncertainties and exogenous disturbances. The
effectiveness of the developed control system in improving the
disturbance rejection capability, accommodating parametric
variations, and retaining nominal tracking performance was
shown. Wang et al. [93] also presented a dual-loop integral
sliding mode attitude controller based on linear extended state
observer (LESO) to solve the trajectory tracking problems in
the quadcopter subjected to external disturbances and
uncertainties. The experimental and simulation results revealed
the efficiency and strength of the designed control strategy in
enhancing the reference tracking performance and disturbances
rejection capability. In another similar study, Sanwale et al.
[94], proposed a robust non-linear position and attitude control
methods based on a quaternion based third-order SMC paired
with a low pass filter and disturbance observer for a quadcopter
position control. The efficacy of the suggested controller was
illustrated to reject continuous disturbances and model
uncertainties with position accuracy up to a millimeter margin.
Rios et al. [95] also introduced experimentally a robust tracking
output-control strategy integrating a finite-time sliding-mode
observer (FT-SMO) with a combination of PID controllers and
three continuous SMC controllers for a quadcopter model
subjected to external disturbances and uncertainties. It was

shown that the proposed strategy improved the desired
trajectory with good precision in the presence of uncertainties
of the system. However, the proposed scheme was not
benchmarked against other robust control strategies.

It should be noted that the chattering phenomenon is the
major negative predicament in SMC and the best design should
effectively address and resolve it. Eltayeb, et al. [96],
introduced an improved integral SMC strategy with a
satisfactory reduction in chattering for the attitude (inner) loop
control while a conventional PD controller was proposed for
the position (outer) loop control of the quadcopter model.
Perozzi et al. [97] studied ways to address the difficulties of
position tracking, reduce the chattering effect, and handle the
rotor dynamics in the quadcopter UAV in the presence of wind
perturbation by applying a robust SMC method. The results
indicated the effectiveness of the proposed controller in
stabilizing the aerial system under varying wind load. Chang et
al. [98] used smooth and adaptive second-order SMC
algorithms for estimating the roll and pitch angles of a
quadcopter model in the presence of some bias and noises. Both
algorithms produced agreeable time convergence and good
overall performance. Fractional order can also be employed for
non-linear controllers, such as the fractional-order SMC
(FOSMC) to ensure robust tracking stability in the presence of
external disturbances and model uncertainties [99].

Another nonlinear control system that has been used for
the non-linear quadcopter is the BC approach [100]-[103]. Liu
et al. [104] studied the formation control problem for a group
of quadcopters subjected to underactuated, highly non-linear,
strongly coupled dynamics, and disturbances using a
distributed robust controller consisting of position controller
and attitude controller and based on robust compensation
theory and the backstepping technique. The results showed the
effectiveness of the proposed controller in achieving good
tracking performances with robust stability. Xuan-Mung and
Hong [105] presented a novel robust extended state observer
(ESO) based backstepping tracking control scheme for a
quadcopter model in the presence of input saturation,
disturbances, and uncertainties. The results indicated the
effectiveness of the proposed controller in improving the
reference tracking performance, rejecting uncertainties and
disturbances while achieving fast response compared to the
BC-based approaches. Saif et al. [106] also proposed a
decentralized BC strategy optimized using the differential
evolution method. It was shown that the proposed strategy
could efficiently reject the external disturbances and achieve
the decoupling of the motions. Meanwhile, Chovancova et al.
[107] carried out a comparative study based on the PD, LQR,
and BC methods for controlling the position of a quadcopter
model by utilizing quaternion representation of the attitude in
the presence of noise, actuator limitations, and streamlined
unsettling influences. It is exhibited that some of the controllers
revealed similar performance and behavior whereas the best
performance is achieved by using the backstepping attitude
controller.

Regarding the FBL strategy, it has been employed to
transform the non-linear quadcopter model, either partly or
completely into a linear system. Hu and Lanzon [108] utilized
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a robust FBL to control both the translational and rotational
motions independently and accomplish the most noteworthy of
maneuverability. Alkamachi and Ercelebi [109] introduced an
optimal H, controller with FBL method to control an
overactuated tilt-rotor quadcopter. This scheme yielded better
execution performance than the traditional quadcopter control
configuration, delicate traceability of the complex route, and
much-improved controllability. Zhang et al. [110] also
presented the standard PID controller with feedforward control
and FBL using the backstepping strategy for a quadcopter in
the presence of actuator dynamics and aerodynamic impact and
further experimentally applied it in an indoor environment. The
robustness of the proposed scheme in the moving target
tracking control was clearly displayed in this study.

The MPC is an advanced non-linear control system that
largely depends on predicting the future states of the system
and simultaneously tracking the errors to improve the
performance of the dynamic system [30]. MPC has also been
used for controlling the quadcopter system [111].
Eskandarpour and Sharf [112] proposed a linear constrained
MPC scheme to resolve the trajectory tracking problem for a
quadcopter experiencing external disturbances. Its efficacy in
improving the disturbance rejection capability, fast reference
tracking, and achieving stability with the desired performance
was positively implied. Williams ef al. [113] also developed a
model predictive path integral control algorithm based on a
generalized importance sampling for a quadcopter moving
within a troublesome (complex) environment where the results
of the study showed its effectiveness and robustness to a greater
extent against the conventional optimal controller.
Additionally, Lu et al. [114] proposed an anti-disturbance
control utilizing MPC with inputs limitations and states using
anti-disturbance control which was an effective combination of
a disturbance observer and H., control to considerably increase
the system robustness against numerous disturbances while
making positive strides considering constriction capacities.

For the adaptive control domain, Eltayeb er al. [115]
presented an adaptive FBL method for a quadcopter model in
the presence of external disturbances and model uncertainties
in which the results showed a substantial decrease in attitude
and altitude errors to around 82% and 53%, respectively,
compared to the conventional FBL scheme. Huang et al. [116]
developed a robust adaptive SMC structure for altitude and
attitude tracking control of a quadcopter against external
disturbances and parametric uncertainties. The simulation
results implied the success of the proposed control strategy in
eliminating the tracking error, while the experimental results
demonstrated its superiority and robustness in tracking
performance compared to the conventional LQR and active
disturbance rejection control (ADRC) systems. In the work
done by [117], the study proposed a novel adaptive SMC
(ASMC) for finite-time stabilizing of a quadcopter aircraft
subjected to parametric uncertainties. In this work, the ability
of the ASMC-based controller to improve the finite-time
tracking and stability of the quadcopter system was revealed.
Kun and Hwang [118] also suggested a novel linear matrix
inequality-based adaptive robust control to regulate the attitude
and position control of an X-configuration quadcopter model.

14

In this work, its efficacy against the external disturbances,
unmodeled dynamics, and uncertainties without any loss in
performance was demonstrated. Further, Shafiqul ez al. [119]
highlighted an observer-based adaptive output feedback control
system for a quadcopter subjected to bounded uncertainty. The
results showed that the tracking performance can be recovered
asymptotically and the efficacy of the proposed strategy for
real-time applications considerably improved as well. Islam e?
al. [120]-[122] introduced a Lyapunov-based robust adaptive
SMC algorithm to solve the stability and tracking control
problems of a miniature unmanned multirotor aerial vehicle
(MUMAV) subjected bounded parametric uncertainty. The
results revealed the effectiveness of the proposed control
scheme for real-time applications and its ability to guarantee
asymptotic stability and improved tracking control property.

The reliance on intelligent control methods to control
quadcopter systems has found growing interest by researchers.
Mahmoodabadi and Babak [123], presented a robust fuzzy
controller based on the LQR technique and optimized it using
multi-objective high exploration PSO (MOHEPSO) for a non-
linear quadcopter. The effectiveness of the suggested scheme
in reducing the overshoot, settling time, and improving
robustness compared to the standard LQR controller was
illustrated. Zhang, et al. [124] also developed an adaptive
fuzzy-based global SMC strategy to improve the trajectory
tracking of a quadcopter UAV subjected to parameter
uncertainties and external disturbances. The results showed its
ability to eliminate the chattering effect and tolerate parameter
uncertainties and external disturbances compared to the
conventional SMC. However, the finite-time stability was not
addressed in the design. Further, Hwang et al. [125] proposed,
via experimental means, an extended Kalman filter-based fuzzy
tracking incremental control (EKF-FTIC) for a quadcopter
model to improve the on-line obstacle detection, avoidance,
and mapping. The proposed scheme showed its effectiveness
and robustness in dealing with the stochastic noise and dense
obstacle avoidance environment. For a precise terminal landing
phase, Al-Sharman et al. [126] developed a low cost adaptive
fuzzy data fusion algorithm in which the results indicated an
accurate adaptive altitude estimation and improvement in
precise state estimating. Bounemeur et al. [127] developed a
novel active fuzzy fault-tolerant tracking control (AFFTTC)
system for a non-linear quadcopter system and proved its
efficacy in the presence of aerodynamic disturbances, actuator
faults, sensor failures, and approximation errors.

Related to ANN, Xingling et al. [128] developed a neuro-
adaptive integral robust controller image-based visual servo
(IBVS) with minimal learning parameter (MLP) technology to
solve the problem of visual tracking control of ground moving
target for a quadcopter UAV suffering from noises,
uncertainties, and external disturbances. The results showed the
superiority of the proposed control system by significantly
improving the system performance in decreasing the image
matching errors and providing a stable servo tracking with
robust anti-disturbance capability. Moreover, Wang et al.
[129] proposed backpropagating constraints-based trajectory
tracking control (BCTTC) method to solve the trajectory
tracking problem of a quadrotor model with complex
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unknowns and constrained actuator dynamics. The results
indicated the effectiveness of the BCTTC in achieving high-
accuracy trajectory tracking and its outperform without
addressing inner nonlinearities or actuator constraints. Razmi
and Afshinfar [130] also proposed an ANN-based adaptive
SMC approach for a quadcopter subjected to external
disturbances and parametric uncertainties with Lyapunov
theory used to ensure stability. An enhancement was
demonstrated in the transient and steady-state behaviors plus
exhibiting insensitivity to parametric changes, and the ability
to reject disturbances. Khosravian and Maghsoudi [131],
presented a recurrent ANN-based non-linear PID control
algorithm for attitude control and path tracking of a quadcopter
system. In this study, the efficiency of the proposed control
scheme in tracking the reference trajectory and stabilizing the
attitude of the system simultaneously was demonstrated.
Muliadi and Kusumoputro [132] also compared the
effectiveness of ANN’s direct inverse control (DIC-ANN) with
the classical PID control system to control the attitude motion
of a quadcopter model with the obtained results displaying
viability and improved performance of the DIC-ANN
compared to the PID counterpart. Fu et al. [133] presented an
adaptive ANN backstepping dynamic surface control algorithm
based on asymmetric time-varying barrier Lyapunov function
to control the attitude sub-system of a quadcopter UAV in the
presence of uncertainties, external disturbances, and output
constraints. The results indicated its efficiency and robustness
to track desired paths with high precision, stabilize the non-
linear dynamic system, and bound all signals. In the meantime,
Hatamleh et al. [134] conducted a comparative study based on
three strategies: iterative bi-section shooting (IBSS), ANN, and
Hybrid ANN-IBSS to determine the ambiguous parameters of
a quadcopter model exposed to noise. The simulated results
revealed that IBSS and ANN can evaluate the most unknown
parameters even with noisy signals. however, their accuracy
was inadequate in the case of small value parameters with the
hybrid ANN-IBSS yielded better precision compared to other
techniques.

In relation to adaptive learning, Bulucu et al. [135]
introduced an on-line adaptive learning algorithm for robust
adaptive  non-linear  auto-regressive moving average
(NARMA) control strategy based on Hammerstein-based plant
and Wiener-based controller models for twin rotor and
quadcopter systems and verified them experimentally on the
real TRMS subjected to cross-coupling effect. The results
showed the ability of the proposed control scheme in ensuring
closed-loop system stability, providing robustness against
noise and disturbances, and improving the tracking
performance. Further, Mu and Zhang [136] developed a
learning-based robust tracking control strategy using ANN for
a quadcopter system subjected to time-varying and
uncertainties. The simulated results yielded the effectiveness of
the control method compared to the LQR controller. Ohnishi e#
al. [137] presented a safe learning framework that employs an
adaptive learning algorithm with barrier certificates for a
quadcopter UAV and Brushbot (a mobile robot with bristles or
brush) with improvement ensured under mild conditions and
the good efficacy of the proposed learning framework in real-

time applications. Meanwhile, Alabsi and Fields [138]
investigated the potential implementation of the recursive
Fourier transform regression (FTR) method combined with a
non-linear dynamic inversion (NDI) control for the Learn-to-
Fly concept utilizing a quadcopter model. The results addressed
the challenges during estimating the model parameters and
introduced efficient integration between real-time modeling
and control adaptation. Additionally, Liu et al. [139] applied
experimentally and numerically, a learning rate based SMC for
variable load altitude control of a quadcopter aircraft model. It
was shown the effectiveness of the proposed control scheme in
improving convergence and accuracy performance of the
altitude tracking capability under large variable load
disturbance and estimation efficiently.

There is a recent interest in using data-driven approaches
based on machine learning (ML). A comprehensive review of
the latest uses, applications, challenges, and methods of deep
learning for UAVs was reported in [140]. Additionally, in the
work done by [141], the different solved problems of wireless
networks such as handover latency reduction, routing, link
duration prediction, etc. were analyzed using machine learning-
based prediction techniques, and further problems were also
identified, to which these methods can be applied to them.
Moreover, Kouhdaragh et al. [142] discussed the advantages
and potentials of designing of UAVs-based radio access
networks (RANs) (U-RANs) to improve the stringent
requirements of 5G network using ML methods and
specifically the supervised and reinforcement learning
strategies. However, ML algorithms may perform poorly, or
unexpectedly when the obtained solutions work on data that
have characteristics different from those that used to train the
model. While Mahajan et al. [143] developed a complete
machine learning model from a new comprehensive dataset
obtained using camera-equipped drones for predicting lane-
changing and lane-keeping maneuvers, to enhance highway
safety. The results demonstrated the efficiency of the proposed
strategy in predicting the lane changes in real-time with an
average detection time of at least 3 seconds with a small
percentage of false alarms. however, the recorded data were
obtained from a short highway segment and the use of velocity
direction with respect to the reference frame needs further
investigation. Moreover, in the work done by [144], a
comprehensive deep learning methodology was proposed to
generate an absolute or relative point cloud estimation of a
digital elevation model (DEM) given a single satellite or drone
image for a wide range of applications and disciplines such as
3D flight planning, autonomous driving, and satellite
navigation. Shan et al. [145] also formed a new method based
on a machine learning approach to collect and share data among
drones and other aircraft, analyze data and establish models,
and capture more detailed characteristics about drone
communications, which is useful for avoiding hazardous
conditions. It was shown the effectiveness of the proposed
strategy in being able to better create complex models with less
effort to improve drone control. One of the applications of
using machine learning data-driven approaches is precision
agriculture such as in the work done by [146]. The paper
displayed a data-driven methodology based on outdoor
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experiments to develop a mathematical model that can predict
the distribution of pest treatment to optimize UAV-based
delivery of natural enemies in the presence of wind and
different conditions. Furthermore, Ferdaus et al. [147]
presented a new online identification method, applied to a
quadcopter model, and employing real-time empirical flight
data streams based on metacognitive scaffolding learning
machine (McSLM) to be known as metacognitive scaffolding
interval type 2 recurrent fuzzy neural network (McSIT2RFNN)
as results indicated significant improvements in both accuracy
and complexity.

For a hybrid controller, Tang et al. [148] studied the
design of a flight controller consisting of a hybrid control
strategy comprising an optimal LQR and SMC strategies for a
quadcopter model considering induced momentum, rotor blade
distortion, and various aerodynamics effects, not only in
hovering but also high speed and translational motion. The
exceptional execution of the proposed controller for achieving
better stability than the traditional control strategies was clearly
demonstrated.

3.3 Multi-rotor Systems

Due to payload limitations, lack of actuators redundancy
in the quadcopter, and need for a stable, safer, and more
powerful flight, hexacopter and octocopter are deemed the best
solutions [149]. They are used in a wide range of applications
such as mapping, accurate data acquisition, hyperspectral
imagery [150]-[153], spectral data acquisition [154], aerial
surveys [155], [156], pollutant open areas determination [157],
and health monitoring [158].

Researchers have recently given more attention to the
hexacopter and octocopter UAVs. Beginning with the PID
controller, Bozek et al. [159] proposed PID controllers tuned
using the ZN method to control the attitude and altitude of the
desired trajectory of a hexacopter system, configured with an
automated arm that is subjected to aerodynamic and unsettling
influences impacts. The results showed satisfactory behavioral
performance, though not ideal. Alaimo et al. [160] also
analyzed the responses of a hexacopter model by utilizing the
LQR-tuned PD and PID controllers in which the results
revealed that the suggested schemes could stabilize the
perturbed structure rapidly at around an equilibrium position
for about half a second.

For non-linear controllers and starting with SMC, Nguyen
et al. [161] investigated experimentally a control strategy that
integrates a Thau observer-based fault detection unit, and a
SMC with disturbance observer-based altitude/attitude control
system for a hexacopter subjected to actuator faults and
disturbances. The results showed the efficacy of the control
strategy in ensuring stability and safe flight even in the
presence of one or two actuator failures. Lee ef al. [162] and
Lee and Kim [163] studied both analytically and empirically,
the planning and controlling of a hexacopter UAV with a 2-
DOF robotic arm, using an augmented adaptive SMC based on
a closed-chain robot dynamic with a Bezier random tree star
(RRT) and dynamic movement primitives (DMPs), for
transporting an object in a certain trajectory with the ability to
avoid obstacles in an unknown environment. The results
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displayed the effectiveness of the proposed controller strategy
in avoiding the unknown obstacles and positively tracking the
desired paths. Further, Yang, er al. [164] demonstrated a
solution for a failure in the motors system of a hexacopter by
using SMC for outdoor flight tests. Zhang et al. [165] presented
a robust BC strategy to solve the trajectory tracking problems
of a hexacopter system due to the coupled characteristics in the
presence of uncertainties and disturbances. The comparative
simulations results showed the superiority of the proposed
controller in performing the task. In another study, Lee et al.
[166], developed a new attitude tracking control of a
hexacopter UAV subjected to a failure in one or multiple rotors
subjected to external disturbances by utilizing a time delay
control strategy.

In this study, the superiority of the proposed strategy by adding
durability and efficiency to the vehicle was illustrated when
compared with the conventional PID control.

Ferdaus et al. [167] presented an adaptive control
technique in the form of a model-free evolving controller called
a parsimonious controller (PAC) based on an evolving neuro-
fuzzy system known as parsimonious learning machine
(PALM) architecture to solve the high degree of environmental
perturbations for the bio-inspired flapping-wing micro aerial
vehicle (BI-FWMAV) and hexacopter model in cluttered
environments. The results revealed the effectiveness of the
proposed strategy through various trajectory tracking
performance tests compared to other controllers with its
distinction, needing far fewer network parameters.

For hybrid control, Ferdaus et al. [168] proposed a novel
self-evolving generic controller (G-controller) consisting of a
generic evolving neuro-fuzzy inference system (GENEFIS)
incorporating a SMC technique to handle the changes in the
dynamics of a hexacopter aircraft without requiring any prior
information. It was shown that the G-controller can change its
system parameters on-line and effectively reject any unknown
disturbances and uncertainties with satisfactory trajectory
tracking capability.

Nguyen et al. [169] proposed a new cascaded control
strategy based on the FBL method, to control the behavior of a
hexacopter system to achieve safe tracking of predefined
trajectories with the ability to avoid detected obstacles during
outdoor flight tests. The results indicated the efficacy of the
suggested method for avoiding obstacles without getting stuck
into local minima.

Further, Rosales et al. [170] proposed a novel and
practical adaptive PID controller based on ANN designed in
discrete time to alter the controller gains without any earlier
knowledge of the model for trajectory tracking of a hexacopter
that is subjected to outside disturbances and dynamic
uncertainties. The suggested control scheme produced an
excellent performance and has the ability to implement in any
obscured and non-linear dynamic framework. Artale et al.
[171] also carried out experimentally, a new real-time control
strategy based on ANN to stabilize and track the reference
trajectories of a hexacopter model. The results are seemingly
and adequately promising for the planned control technique
with regard to error measures and recreation of the hexacopter
dynamics through its angular velocities.
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3.4 Novel Techniques

In this section, the focus is more on discussing six
impediments facing rotorcraft systems and possibly causing a
failure in their fully entire dynamic system, namely, the
external disturbances, slung load oscillations motion, non-
trivial maneuvers, fixed and moving obstacles, faults, failures,
or damages relevant to system components, and time-varying
nature of the environment. Therefore, this study emphasizes the
latest novel and innovative control techniques that have been
proposed to efficiently solve these difficulties as described in
the ensuing sections.

3.4.1 External disturbances

External disturbances including wind gusts are considered
one of the major challenges facing rotorcraft UAVs due to their
rapid and large negative impacts that may lead to failure in the
entire dynamic system. Numerous studies have been carried out
to counter or reject their effects while ensuring stability in the
dynamic system. One promising method is to use an ADRC
strategy such as the work done in [172] where the study
proposed a robust tracking control unit based on the ADRC and
flatness theory with ESO to improve the tracking performance
of a quadcopter model. The results showed the efficiency of the
proposed control strategy in rejecting the external disturbances
and uncertainties. Najm and Ibraheem [173] also presented an
improved approach of ADRC consisting of an improved
tracking differentiator (ITD), a LESO, and a non-linear PID
controller (NLPID) to stabilize a multirotor model and
efficiently expel the exogenous disturbances and uncertainties.
The superiority of the proposed control structure was clearly
demonstrated when compared to the conventional PID. Further,
Zhang et al. [174] displayed a sliding mode ADRC scheme to
improve tracking control of a quadcopter system with an
efficient disturbance rejection capability. The proposed control
strategy performed excellently in comparison to the classical
ADRC.

One of the innovative methods to control the dynamical
systems is the active force control (AFC) technique that was
first demonstrated by Hewit and Burdess [175]. It can be
readily integrated with the classical, modern, or intelligent
controllers to effectively trigger its robust control action. The
basic idea of the AFC technique is the appropriate estimation
of the mass/inertia parameter of the dynamical system and
measurements of the acceleration and force/torque signals
generated by the system as shown in Figure 13. Some research
works have been reported in [176], [177] that analytically
utilized the AFC-based technique with a PID controller to
control the TRMS model and compensate for the applied
disturbances. The works presented a comparative study of
system performance by analyzing the output responses based
on PID-AFC, PID-AFC-ANN, and PID-AFC-FL schemes. It
was concluded that the PID-AFC-FL is deemed more robust
and effective in trajectory tracking and significantly improved
the attitude control with a much faster response when compared
to the other schemes. However, the efficiency of the AFC
technique was not validated experimentally.

Similarly, Omar et al. [69] applied the AFC method to a
quadcopter model that was adjusted using the crude

approximation method with a PID controller tuned using TEM
to control the altitude and yaw motions subjected to various
types of external disturbances. It was shown that the PID-AFC
strategy significantly improved the altitude control with a much
faster response than the conventional PID controller.
Additionally, Abdelmaksoud et al. [178] presented an
innovative hybrid control scheme for a quadrotor model to
improve the disturbances rejection capability and body jerk
performance by utilizing the AFC-based robust intelligent
control system via a simulation study. However, based on the
literature, no research work has been performed related to the
practical implementation of the intelligent active force control
(IAFC) strategy on the UAV systems to assess its viability in
enhancing disturbance rejection capability and its agreement
with the simulation results counterpart.

Disturbances
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Figure 13. The schematic diagram of the AFC technique.

3.4.2 Slung load motion suppression

One of the vital issues, that has recently attracted
researchers is the slung load or load swing motion and the
ability of the control system to stabilize the rotorcraft system
by suppressing the slung load vibrations and oscillations to
reach the desired location. Kusznir and Smoczek [179],
proposed a control method combining a FBL strategy to control
the attitude and altitude dynamics with an adaptive pole
placement method-based SMC to suppress horizontal
positioning and payload vibrations for a coupled quadcopter-
pendulum system. The results showed the efficacy of the
suggested control scheme in minimizing the vibrational levels
compared to the partial FBL controller and zero vibration
derivative-derivative (ZVDD) input shaper. Yu et al. [180]
implemented a non-linear BC for an underactuated quadcopter-
slung load system with the simulated results revealed the
effectiveness and robustness of the proposed strategy while
experimental results showed the validity and capability of the
scheme in damping the oscillations. In another work, Xian et
al. [181] presented a non-linear adaptive controller based on
energy analysis of a quadcopter slung-payload system in the
presence of unknown system parameters and aerodynamic drag
force. The experimental results demonstrated superior system
performance and robustness in achieving good position control
and suppressing the payload swing motion quickly and
effectively. de Angelis et al. [182] also suggested a novel
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control strategy based on an artificial two-time-scale separation
of system dynamic modes to stabilize a multirotor holding a
suspended load. The simulated results showed the suitability of
the proposed strategy for practical application in various
operational scenarios. Shi et al. [183] presented a harmonic
extended state observer (HESO)-based anti-swing attitude
control method for a quadcopter both numerically and
experimentally and the system is subjected to a slung load
effect. The results showed better performance and robustness
of the proposed approach when compared to the traditional
second-order ESO in estimating the periodic disturbances.
Further, Liang et al. [184] proposed a time-optimal motion
planning method for a multirotor system to improve the
reference tracking and suppress the vibrational level of a
payload swing motion. The experimental results implied the
superior performance of the proposed method to effectively
suppress and dampen the vibrations. Guerrero-Sanchez et al.
[185] also applied both analytically and experimentally, a
control technique to achieve package transportation quickly
and safely while at the same time, solve the load fluctuation
stability problems by equipping a quadcopter model with an
interconnection and damping assignment-passivity based
control strategy. The results showed the effectiveness of the
suggested technique in improving the trajectory tracking
capability, stabilizing the dynamic system, rejecting parametric
uncertainties, and reducing the fluctuation motion.

3.4.3 Non-trivial maneuvers control

For the non-trivial maneuvers, Bhargavapuri et al. [186]
proposed a practical, nominal, and robust non-linear BC
systems for a variable-pitch quadcopter in which the results
showed the effectiveness of the proposed controller in
enhancing the attitude and position tracking, and flip maneuver
as well. Meanwhile, Liu et al. [187] developed a fully robust
non-linear control strategy consisting of an attitude controller,
BC strategy, six-dimensional observer, and an on-line
trajectory planner based on a MPC approach for a multirotor
model subjected to external disturbances and uncertainties to
achieve stability, improve complex trajectory tracking, and
perform  forceful = maneuvers.  Experimental  results
demonstrated the superiority of the suggested strategy under
the influence of strong winds, co-ordinated navigation, and
navigation with obstacles.

3.4.4 Collision avoidance

Due to the absence of the pilot on board, safe flying is a
major concern for UAVs. Reducing the collision
rates/tendencies and avoiding obstacles with rapid and
predictive responses are indispensable for preventing any
collisions. Various research works have been conducted to
enhance the collision avoidance control and efficiently improve
responses for any known or unknown obstacles. Dai et al. [188]
introduced an automatic obstacle avoidance system based on a
convolutional neural network (CNN) for a quadcopter system
to automatically avoid obstacles and fly safely and efficiently
in unknown indoor/outdoor environments. The method
revealed several advantages including low sensor
requirements, strong learning capability, light-weight network
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structure, and environmental adaptability. Huang et al. [189]
also proposed a finite-time formation tracking control with
complicated collision avoidance based on the artificial potential
function (APF) and fast terminal sliding mode surface (FTSM)
for a group of quadcopter UAVs subjected to external
disturbances. The results showed the ability of the proposed
strategy to track the desired trajectory in a specific formation
arrangement within the safe distance while simultaneously
avoid moving obstacles. Arul and Manocha [190] developed a
novel decentralized collision avoidance algorithm based on
optimal reciprocal collision avoidance (ORCA) and flatness-
based MPC to navigate a group of quadcopters subjected to
fixed and moving obstacles. It was shown the proposed control
strategy performed excellently in terms of smoothness in
trajectory tracking and lower collision rates during severe
maneuvering compared to the other state-of-the-art
decentralized methods. AbdulSamed et al. [191] investigated
the design of a novel robust control structure consisting of
adaptive fuzzy controllers and tunable PID controllers
(TPIDCs) both adjusted using the PSO algorithm for a
quadcopter model operated in an unknown environment. The
results showed the ability of the proposed control system in
maintaining the desired trajectory tracking with obstacle
avoidance capability. Yang et al. [192] proposed a new reactive
obstacle avoidance system that employed an on-line adaptive
convolutional neural networks and traversable waypoint
selection with consideration of non-uniformly distributed depth
errors and field of view constraint to improve depth estimation
from a monocular camera in unfamiliar environments for a
quadcopter aircraft. Best results were achieved compared with
state-of-the-art methods plus it also demonstrated the
effectiveness of the proposed system for real-time applications.
For hexacopter systems, Park and Cho [193] suggested a
reactive 3D maneuver strategy based on a collision avoidance
algorithm enhanced using the collision cone approach to avoid
potential collisions. The simulation results showed the
effectiveness of the proposed strategy in satisfactory handling
the moving obstacles. Chen et al. [194] also conducted
numerically and experimentally, a monocular vision-based
algorithm to detect obstacles and identify obstacle-free regions
for efficiently guiding a multicopter platform. It was concluded
that the proposed strategy produced satisfactory results in
detecting obstacles and estimating depth in unknown outdoor
environments.

3.4.5 Fault-tolerant control

Fault detection or fault-tolerant control is essential for
UAVs. This is because a slight fault, damage, or failure in any
component of the aerial system may lead to catastrophic
consequences. Several studies have been proposed to provide
quick and comprehensive solutions related to fault-tolerant
control. Emami and Banazadeh [195] proposed a novel fault-
tolerant MPC-based trajectory tracking approach for a
multirotor system. A generalized online sequential extreme
learning machine (OS-ELM) was presented to identify the
corresponding coefficients of the actuator faults. Both the
simulation and experimental results demonstrated the
efficiency of the suggested control system to ensure stability
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and provide satisfactory performance in trajectory tracking in a
3D environment with actuator faults and external disturbances.
Wang et al. [196] introduced systematically and
experimentally, an active fault-tolerant control strategy based
on adaptive SMC and recurrent NN for a quadcopter platform
subjected to uncertainties and actuator faults. The results
indicated the ability of the proposed strategy to maintain
tracking performance and stability and its superiority compared
to the model-based fault estimator and conventional adaptive
SMC. Mallavalli and Fekih [197] presented an adaptive fuzzy
state observer-based integral terminal SMC (AFSE-ITSMC)
scheme to solve the trajectory tracking problem for a
quadcopter system subjected to simultaneous actuator faults,
exogenous disturbances, and actuator saturation limits. The
results showed the efficacy and robustness of the proposed
strategy in improving tracking performance without any
performance degradation even under worst-case scenarios.
Further, Nian et al. [198] developed both an adaptive fault
estimation observer (AFEO) and dynamic output feedback
fault-tolerant controller (DOFFTC) using the interval matrix
method and H. method to solve the problem of fault estimation
and fault-tolerant control for a multirotor model in the presence
of external disturbances and parameter uncertainties. The
robustness and durability of the planned strategy were shown
in improving the reference tracking capability and AFEO was
found to have faster estimation speed and estimation accuracy.
Falconi et al. [199] presented, numerically and practically, an
adaptive fault-tolerant controller to control position tracking of
a hexacopter model. The results revealed the efficacy of the
proposed strategy in dealing with any unknown degradation
and failure of any rotor.

3.4.6 Time-varying nature of the environment

The time-varying nature of the environment can affect the
control strategies. An end-to-end survey was presented on
available air to ground (AG) propagation channel measurement
campaigns, large- and small-scale fading channel models,
limitations, and future research directions for UAV
communication scenarios [200]. Rieth ez al. [201] concentrated
on aircraft to ground station channel sounding and
characterization for UAV control and non-payload
communication (CNPC) link designs to avoid any degradation
in the performance and reliability of the wireless
communication system. Furthermore, She et al. [202]
established a framework of maximizing the available range of
the ground control station for ultra-reliable and low-latency
communications in the CNPC links of the UAV
communication systems via optimizing the altitude of UAVs,
durations of uplink and downlink phases, and the antenna
configuration. The results showed the ability of modified
distributed multi-antenna systems (M-DAS) in remarkably
improving the maximal available range of the ground control
station, compared to distributed multi-antenna systems (DAS)
and centralized multi-antenna systems (CAS). While
Harikumar et al. [203] proposed an oxyrrhis marina-inspired
search and dynamic formation control (OMS-DFC) structure
for multi UAV systems to effectively search and neutralize of
dynamic targets (forest fire) in unknown or uncertain

environments. Moreover, In the work done by [204], novel
equalization methods were synthesized for continuous phase
modulated (CPM) signals to be used in UAV CNPC links
operating over doubly selective wireless channels. The
obtained results revealed that the proposed receiver structures
are able to satisfactorily compensate for dual-selective channels
and provide good performances even for low-to-moderate
values of energy contrast in typical UAV scenarios.

3.5 Discussion, scientific reflections, and future directions

From the preceding discussion of the various control
strategies of the rotorcraft systems, it can be deduced that the
linear control systems are characterized by their ability to
ensure the stability of closed-loop dynamic systems within
small zones around the operating points, less energy
consumption, low cost, ease in designing, implementing,
tracking and solving various problems. However, they do not
have the ability to cover all the operating and loading
conditions and are also not robust enough against the different
types of external disturbances and uncertainties. While non-
linear controllers have a wider operating range, better durability
with faster responses, and greater efficacy against external
disturbances and uncertainties, they are nevertheless usually
costly, complex, and more sensitive to parametric changes and
may have detrimental effects on the system's transient
responses such as chattering and noise which in turn may lead
to potential failure in some dynamic systems.

Regarding performance analysis and evaluation of the
latest technology applied to UAVs and rotorcraft systems, the
appropriate choice of a specific control technique depends on
the control target the aerial vehicle must meet, target mission,
and test rig developed for testing to be configured for
implementation in real-time applications. Most of the proposed
control strategies provide good performance under normal
conditions but differ in performance under different operating
and loading conditions. Also, the accuracy of the mathematical
model is a necessity to regulate performance but in the case of
complex mathematical modeling, model-free based control is a
smart solution. Moreover, tuning the proposed control system
is vital because it improves the control action of the controller
and thus enhances the system performance. There are numerous
optimizing and intelligent methods used for tuning but to
choose the best method, it depends on the properties of the
controller, characteristics of the dynamic system, and ease of
implementation in  simulation and experimentation
environments. One of the best options is perhaps the ILC or FL
due to their ease of implementation and ability to optimize the
control parameters on-line and automatically; this is
particularly essential for autonomous systems. In terms of
experimental implementation for both indoor and outdoor
environments, the minimal logistics and infrastructure
surrounding the hardware and software aspects should be
adequately prepared. This may involve flexible computing
interfaces using the universal serial bus (USB) or serial
peripheral interface (SPI) connections that are configured to be
fully compatible with the popular MATLAB/Simulink or
LabVIEW computing platforms and Intel Aero Compute Board
or QFLEX 2 computing interface. The outdoor environment, in
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particular, may include real-life cases, readily available
autopilots such as Pixhawk that is compatible with remote
control (RC) transmitter and receiver [205], [206].

Based on previous studies, the percentages related to the
extent of the use of various control strategies for the categories
involving twin-rotor, quad-rotor, and multi-rotor models using
pie charts based on the Web of Science and Scopus databases
over the last five years are graphically shown in Figures 14 to
16.

It can be concluded that the PID controller is one of the
most designed and commonly used control types in research
works related to rotorcraft systems control, either separately, in
conjunction with other control systems, or for comparison with
the proposed new control systems to test their effectiveness.

The FOPID controller has revealed efficacy against
disturbances and uncertainties and can be combined with non-
linear or intelligent control systems to add more robustness and
effectiveness.

Arguably, the H, controller is the least common type of
linear control and some research works have combined it with
other control strategies to add robustness in rejecting model
uncertainties and external disturbances and improve reference
tracking.

It can also be noted that the most commonly non-linear
controllers used are SMC and adaptive controllers due to their
efficiency and durability and with regard to the chattering effect
(for SMC, in particular), this study has demonstrated a number
of powerful solutions to reduce this phenomenon.

Intelligent control systems show distinct positive
performance, especially when used together or combined with
linear or non-linear controllers or when applied to adjust the
control parameters as they further consolidate the strength,
robustness, efficiency of the proposed control schemes
allowing the dynamic system to operate in varied operating and
loading conditions.

The Neuro-fuzzy system is a distinctive hybrid system that
combines the adaptive learning capabilities from NNs and the
ability of FL rules in which the results observed better
performance in handling noise and external disturbances.
However, it may give an unsatisfactory performance in dealing
with uncertainties and parameter changes. Thus, an evolving
intelligent system (EIS)-based fuzzy system is a proper solution
to cope up with severe challenges and changes.

Meanwhile, hexacopter, octocopter, etc. still need more
attention and scrutiny. Further research works on them, either
experimentally and analytically should be carried out, as they
are promising systems due to their durability, overactuation,
and strength. However, problems related to their energy
sources still present a dilemma for these systems.

AFC technique is a promising method that can be
seamlessly merged with classical, modern, or intelligent
controllers to stabilize the dynamic system and effectively
reject the different types of unknown/known external
disturbances and uncertainties. Besides, its control algorithm is
simple, implying potential excellent real-time implementation.

A complete summary of the advantages and shortcomings
of the various control strategies discussed for the rotorcraft
UAVs is shown in Table 3.
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Figure 14. Distribution of various control strategies for twin-rotor systems
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Figure 15. Distribution of various control strategies for quad-rotor systems
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Figure 16. Distribution of various control strategies for multi-rotor systems
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With regard to future directions and latest technology
relating to multicopter systems, one such example can be found
in Beg et al. [207] in which they introduced and implemented
an intelligent and autonomous traffic policing system that has
the ability to detect traffic emergency cases or investigative
situations with quick action units using UAV networks to solve
deficiencies in traffic policing and emergency response
handling systems involving many critical scenarios.
Furthermore, the new system has the ability to issue emergency
response units in case of severe/extreme scenarios to
significantly reduce time delay and provide route prioritization
service. Additionally, the proposed system can assist to track
stolen vehicles or reroute traffic effectively in the event of an
emergency.
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Based on the study, a number of research problems need
more attention and have to be taken into account when
designing and developing the control schemes for UAVs as
follows:

1- In aggressive maneuvering, for instance, the singularities
that exist in a vertical looping maneuver have to be avoided;
real-time implementation of how effective of a maneuver
regulation-based control scheme on real rotorcraft UAV
models, and path planning algorithms design need to take into
account the aerodynamic and friction effects to allow
aggressive aerobatic trajectories.

2- Smooth take-off and landing under complex situations such
as inclined levels, curved surfaces, and horizontal and flat pads
with to selectively adopt a disturbance rejection capability
along with fault detection and recovery algorithm to improve
flight safety and anti-windup scheme.

3- Finite-time controller design based on disturbance-observer
with atmosphere disturbances and multiple time-varying
delays.

4- Non-linear stochastic dynamics with non-affine controls for
troublesome environments.

5- Swing-motion attenuation with different types of cables
suspending various forms of payloads in the presence of
external disturbances and model uncertainties within various
operating conditions.

6- Beyond velocity and acceleration, how effective the control
strategies can handle the jerk, snap, and higher derivatives, and
optimal trajectory generation for rotorcraft systems.

7- Real-time implementation of the AFC-based controller for
real rotorcraft systems. This will be extremely useful to further
evaluate the practical viability of the method in real-world
scenarios, considering different operating and loading
conditions.

8- Slung load motion suppression for other multirotor systems
such as hexacopter, octocopter, etc.

TABLE 3
Advantages and shortcomings of various control strategies for UAVs.
ggg:'l:alch Advantages Shortcomings
PID o Less energy o Limited operating
consumption range
e Simple in design e Unsuccessful in
e Common in industry compensating for the
various types of
disturbances
o Inability in performing
aggressive maneuvers
LQR/LQG e No need for complete o Not robust
information about the e Not effective for
state complex systems
e Appropriate tracking
ability
H, e Accurate tracking e High level of
ability mathematical
o Successful in understanding
rejecting disturbances e Not the best option for
and uncertainties highly non-linear
systems
Backstepping e Robust e Large control signals
Control (BC) e Fast Response e Complete knowledge

of the full state

Less computational
resources

e Successful in
rejecting disturbances
Precise tracking

e Loss of performance in
the event of vigorous
disturbances and

capability uncertainties
Sliding Mode e Robust o Chattering effect
Control (SMC) o Simple structure e Large energy
o Accurate tracking consumption
capability
o Disturbance rejection
capability

Insensitive to the
external environment
changes

Feedback e Smooth control signal e Extreme sensitive to
Linearization e Simple design and parameters change
(FBL) good performance e Loss of precision
e Compensate for blade e Prior knowledge of
flapping model
o Aggressive
maneuvers
Adaptive e Robust e High cost.
o Insensitive to o Practical
parameters and implementation
external environment e Based on adaptation to
changes the plant uncertainties
o Stability guarantee o Chattering effect
e Successful in
rejecting disturbances
and uncertainties
o Superior in the
desired tracking
Model o Disturbances e Accurate dynamic
Predictive rejection capability model
Control (MPC) o Fast reference o High computational
tracking cost.
o Allowing dynamic e Not guaranteed
difficulties stability
o Insensitive to
parameters change
and sensors failure
Intelligent e Wide operating range e Abundant

computational
resources

e Need expert
knowledge for a good
initialization

Model-free design

IV. OTHER RELATED DEVELOPMENTS

There is no doubt that the rapid development in smart and
composite materials, control theory, nano/micro-controller
platforms, electronic technologies, DC motors, 3D printers,
etc., has caused a quantum/huge leap in the development of the
UAVs industry in general and rotorcraft systems, in particular.
This UAVs development not only attracted the academia circle
but also industrialists and amateurs.

Regarding the recent developments of the twin-rotor
helicopter, the Quanser company designed a fully integrated
dual-motor laboratory experimental module for advanced
control research and for teaching control concepts, called
Quanser AERO, as shown in Figure 17. It is a compact and
integrated system that includes highly efficient coreless DC
motors, flexible QFLEX 2 computing interface for USB and SPI
connections, integrated data acquisition (DAQ) device, built-in
voltage amplifier with integrated current sensor, digital
tachometer, and high-resolution optical encoder. It is a
reconfigurable system, from 1-DOF and 2-DOF helicopter to a
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half-quadcopter [205]. Also, ACROME company provides an
integrated system of a 1-DOF model called ACROME I DOF
Copter for control fundamentals and advanced research, as
shown in Figure 18. It features a solid body, high-resolution
incremental encoder, fully open-source software, and is fully
compatible with MATLAB/Simulink and LabVIEW
environments [208].

There are several multicopters developed for commercial
and research uses (indoors and outdoors environments), and
development is still on-going.

For the commercial market, many types can be found,
based on a number of factors, like flight endurance, camera
resolution, range, battery life, etc. To name a few, some of the
top professional multirotor models with long battery life, an
HD camera, and simple controls, are DJI Phantom 4 Pro, DJI
Inspire 2, DJI Mavic 2 Pro, Kespry 2S, Yuneec Typhoon H, DJI
Matrice 200, Parrot AR.Drone 2, ELIOS 1 and 2, Parrot
ANAFI USA, Trimble ZX5, and Yuneec 3DR [17], [209]-[211].

_ Propeller safety

Interchangeable

Pitch encoder
propellers

Adjustuble propeller ungle
{horizontal to vertical]

JF— OC motor with

encader

Inertial measurement
unit with accelerometer
ond gyroscope

Unlimited 360°
yaw rotation

(GFLEX 2 USB

interface panel
Uscr-controlloble P

tri-calor LED “Also available with

OFLEX 2 Embedded panel

Figure 17. Quanser Aero platform.

For research use, QDrone from Quanser company is a
high-performance quadcopter monitoring device. It is suitable
for a wide range of research applications and is able to test new
control strategies due to its several desirable features, such as
light weight, high maneuverability, and little downtime for
maintenance [212]. It is equipped with avionics data
acquisition, 3-axis accelerometer, 3-axis gyroscope, sonar
height sensor, and high-resolution cameras. It is an innovative
indoor platform, as shown in Figure 19, for accurate
localization and tracking system, and real-time decision
making [205].

Figure 18. ACROME 1 DOF Copter.
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It has been observed that the rotorcraft UAVs have
undergone impressive evaluation and development in the past
few years. Meanwhile, researchers continue to test new
designs, configurations, and control strategies for realistic
implementation environments. Rotorcraft will continue to
evolve to become safer, faster, smaller, stronger, and smarter.

Figure 19. QDrone platform.

V. CONCLUSION

Recently, and due to their flexibility and versatility, the
rotorcraft or rotary-wing UAVs are becoming extremely
popular in both civil and military sectors. However, there are
several and critical challenges deemed to occur during the flight
or while performing specific tasks that need to be countered and
resolved. Some of these challenges include external
disturbances, model uncertainties, and unknown obstacles.
Also, these types of vehicles are considered highly non-linear,
coupled, and complex systems. Therefore, it is imperative to
develop effective and robust control strategies for controlling
these dynamical systems. Researchers have recently given
more attention to rotorcraft UAVs and a large number of
research works have been conducted because of their benefits
and diversity in terms of applications. In this paper, a state-of-
the-art review of various control strategies for rotorcraft
systems in the presence of various impediments or adverse
operating/loading conditions has been highlighted. Also, the
detailed mathematical dynamic models for both the twin-rotor
helicopter and quadcopter have been derived as case studies
since they are considered the most utilized rotorcraft UAVs,
considering certain assumptions and considerations. This study
has also demonstrated the innovative and novel control
techniques that can be implemented for countering some of
these impediments that affect the performance of the aerial
vehicles. In addition, some of the related off-the-shelf
developments in the rotorcraft systems for the research and
commercial uses have been considered.
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