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ABSTRACT This work presents an innovative hybrid control scheme for a quadrotor unmanned aerial
vehicle (UAV) model to improve the disturbances rejection capability and body jerk performance by utilizing
an active force control (AFC)-based robust intelligent control system via a simulation study. The proposed
intelligent control approach incorporates a proportional-integral-derivative (PID) and an intelligent active
force control (IAFC) element yielding a robust PID-IAFC scheme. A detailed mathematical model of a
quadrotor system with six degrees of freedom (DOFs) was first derived using the Newton-Euler method
taking into consideration the gyroscopic terms, disturbances, aerodynamics, and friction effects. In the
derived model, the PID controller was first designed to stabilize the quadrotor model and achieve the required
altitude and attitude motions. In addition, different types of external disturbances in the form of sinusoidal
waves and repeated impulses (pulsating) were added. An AFC strategy, known as PID-AFC, was designed
and incorporated into the PID controller, and was initially tuned heuristically. Then, an artificial intelligence
(AI)-based method employing an iterative learning (IL) algorithm was designed and implemented into the
AFC (ILAFC) to estimate the control parameters automatically while on-line. Thereafter, the performance
of the ILAFC was compared to the AFC with fuzzy logic (FL) which became known as FLAFC. Also,
a self-tuning (ST) PID controller was designed and employed based on the FL method to automatically
tune the PID gains based on the prescribed operating and loading conditions. Moreover, a comparative
study of the system performance was carried out utilizing the PID, PID-AFC, ILAFC, FLAFC, and ST-
FPID-AFC schemes to analyze the system characteristics. Furthermore, the effectiveness of the AFC-based
intelligent controller was investigated in connection with the body jerk performance in the presence of
external disturbances. The simulated results reveal the effectiveness and robustness of the proposed control
strategy based on the IAFC technique in improving the disturbance rejection capability and body jerk
performance by 17% in the presence of uncertainties and external disturbances.

INDEX TERMS Quadrotor UAV, active force control, intelligent control, self-tuning, iterative learning,
fuzzy logic, robust, body jerk performance.

I. INTRODUCTION of automatic stability. They have been used in wide-ranging

In recent decades, researchers and scientists from diverse
sectors have given a great deal of attention to the develop-
ment of the UAV industry. This is not surprising due to the
large number of applications that benefit from using UAVs
because of their desirable features including their small size
and weight, high maneuverability, low cost, and high degree
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applications including contour mapping (or profiling of var-
ious surfaces/terrains) and traffic monitoring, surveillance,
aerial photography and video recording, search and rescue,
meteorological reconnaissance, and other civil and military
tasks.

Rotary-wing aircraft or rotorcraft systems are a class
of UAVs and are distinguished by their ability to verti-
cally take-off and land (VTOL), in addition to hovering
in restricted zones. There are various types of rotorcraft
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including helicopters, quadrotors, hexacopters, and octo-
copters [1]. Among these, quadrotors have attracted the atten-
tion of a large number of researchers in recent years due to
their high maneuverability, VTOL, small size and weight, low
cost, reduced maintenance time, and their hovering capability.
Despite the tremendous development in quadrotor technol-
ogy, it still faces certain constraints and impediments, such
as limited speed and endurance, high energy consumption,
limited power supply (battery), sensitivity to external distur-
bances, and the restriction to using electrical motors [2].

A quadrotor is a multi-rotor UAV that is lifted by four
rotors. It consists of a rigid body connected to four pro-
pellers with fixed-pitch blades and airflows that point down
to generate an upward-lifting force. The propellers’ axes
of rotation are fixed and parallel to each other. It has
two pairs of identical propellers; two clockwise (CW) and
two counter-clockwise (CCW), allowing it to be controlled
by varying the speed of the rotors. The quadrotor has
six DOFs and only four propellers (inputs) which make
it an under-actuated mechanical system with a degree of
under-actuation of two [2].

Among the various challenges, tracking the desired tra-
jectories while rejecting various forms of disturbances is
essential for quadrotor UAVs to achieve high levels of per-
formance and execution in different operating and load-
ing conditions. For disturbance rejection, several research
works have been conducted. One promising strategy is
an active disturbance rejection control [3], [4]. Najm and
Ibraheem [5] also presented an improved ADRC approach
consisting of an improved tracking differentiator (ITD), a lin-
ear extended state observer (LESO), and a nonlinear PID
controller (NLPID) to stabilize a multirotor model and effi-
ciently expel the exogenous disturbances and uncertainties.
The results showed the superiority of the proposed control
structure when compared to the conventional PID. Addition-
ally, Dong et al. [6] developed, systematically and experimen-
tally, a flight controller utilizing a modified active disturbance
rejection method containing a time-optimal tracking differ-
entiator, an extended state observer, and a PD controller for
a quadrotor UAV model which could endure streamlined
unsettling influences, noises, and input delays.

In relation to trajectory tracking in the presence of wind
disturbances, the higher derivatives of motion are rarely dis-
cussed. While tracking a certain path, the quadrotor encoun-
ters not only the acceleration but also the jerk and higher
derivative kinematics. Indeed, acceleration does not begin
suddenly, it extends from zero to a certain state, and con-
sequently, some elements of jerkings prevail. In general,
designers are trying to reduce the exposure to unnecessary or
undesirable motion in order to avoid vibrational levels which
may cause failure in the dynamic systems. Thus, reducing the
body jerk is deemed to be an important concern [7]. Some
research studies have suggested generating optimal trajecto-
ries or optimal motion planning frameworks to minimize the
body jerk, including the work done by [8]-[10].
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One innovative method related to the control of dynam-
ical systems is the active force control (AFC) strategy first
demonstrated by Hewit and Burdess in the early eight-
ies [11]. The AFC strategy can typically be integrated with
the classical, modern, or intelligent control systems to effec-
tively reject external disturbances [12]. The basic idea of the
AFC is to acquire the appropriate estimation of the inertia
or mass parameters of the dynamical system by utilizing
a crude approximation method [13] or by using any Al
approach [12], along with the measurements of the accel-
eration and force/torque signals generated by the system.
A research work is reported in [13] that utilized an AFC-based
control scheme to control a quadrotor model. The proposed
control system combined a PID controller with the AFC
which was tuned by a trial-and-error method (TEM) for
controlling only the altitude and yaw motions. The results
showed that the PID-AFC strategy significantly improved the
altitude control with a much faster response than a conven-
tional PID controller.

In this article, the main contribution of this work is to
propose and implement a new hybrid control structure based
on an IAFC strategy to stabilize the rotorcraft system, reject
the undesired disturbances and improve the body jerk per-
formance effectively and robustly during trajectory track-
ing. Based on literature, various control strategies have been
proposed to reject the external disturbances during trajec-
tory tracking of the quadrotor but the novelty of this work
is in suggesting the AFC-based controller for its ease of
implementation, simplicity, and robustness, along with its
ability to merge seamlessly with intelligent control systems.
Moreover, there has been very little research conducted into
the utilization of an IAFC based controller for a quadrotor
system. The classic PID-AFC tuned by using only a TEM
is the most common approach. In addition, this has not been
applied to all DOFs of the quadrotor, but limited to only one or
two DOFs. Furthermore, no research has yet been conducted
into investigating the utilization of an IAFC based control
scheme and its effectiveness on the body jerk performance.

The rest of the paper is organized as follows: Section 2
describes the kinematics and dynamics of a quadrotor under
certain assumptions. The PID controller and suggested AFC
technique with ILC and FLC implementation are presented
in Section 3. Section 4 shows the simulation results for the
trajectory tracking test based on specific prescribed oper-
ating and loading conditions and then goes on to discuss
the controller robustness performance. Finally, the paper’s
conclusion is presented in Section 5.

Il. SYSTEM MODELING

The quadrotor is a non-linear multi-input multi-output
(MIMO) dynamic system that has a complex structure with
high non-linear terms. Thus, obtaining the mathematical
model is considered to be a difficult task [1], [2], [14]. In this
section, the detailed mathematical model for a quadrotor
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is derived, considering the gyroscopic factors, disturbances,
aerodynamics, and friction effects.
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FIGURE 1. The earth (inertial) and body-fixed frames.

A. COORDINATE FRAMES

In order to derive the dynamics of the quadrotor, the coor-
dinate frames used to describe the motion must be initially
defined. Figure 1 shows the earth (inertial) fixed frame,
xg — Yg — zg and the body-fixed frame, x3 — ygp — zB.
The distance between the earth and body-fixed frames is
the absolute distance between the center of gravity of each,
which is s. The Euler angles are 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, in addition to the earth and
body-fixed frames. Let RE define the rotation from the earth
fixed frame to the body-fixed frame. Therefore, the rotation
RE is given by:

fr Hf
RE = RngfREl €))

where RE indicates a rotation from earth Frame E to Frame
1 which is the first intermediate frame, and RE indicates rota-
tion from Frame 1 to Frame 2 (second intermediate frame)
wherein, R]f32 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 RE is given by:

clcyr  spsOcyr —copsyr  cpsOcyr + spsyr
R=RE= cOsyr  spsOsyr + copcyr  cpsOsyr — spcr
—s6 s¢co coch
@)

Note that in equation (2) and the others that follow, ¢ = cos
and s = sin.

A quadrotor can be considered as five inflexible bodies
that are associated together in relative motion [2]. These five
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FIGURE 2. Thrust, moment, and rotational speed of each rotor in
quadrotor.

bodies are the quadrotor body itself and four propellers
attached to the rigid body, as shown in Figure 2.

Let Frg : {Og, xg, VE, zg} be the earth fixed frame attached
to its center of gravity Og and Frp : {Og, xB, yB, zB} be the
body-fixed frame attached to its center of gravity Op. Also,
the rotors’ frames are taken to be parallel to each other and
attached to their centers of gravity Oy,, and are given by Fry; :
{0 %,y 2} i = 1,..., 4. Also, they are parallel to the
body-fixed frame.

In this study, the dynamics of the quadrotor model were
obtained based on the Newton-Euler method because it is
more suitable for modeling based control and it is more
convenient to write the equations of motion for each body
individually and solve them numerically.

B. SIMPLIFICATION ASSUMPTION
The quadrotor model was derived based on the following
assumptions [15]:
. The quadrotor model is rigid and symmetrical.
. The center of gravity of the quadrotor model coincides
with the body-fixed frame origin.
. The propellers of the rotor are inflexible (no blade
flapping).
. Thrust and drag are proportional to the square of the
propeller’s speed.
. The axes of the quadrotor coincide with the axes of the
body-fixed frame.

The quadrotor is a six DOF system with two sub-systems: the
translational sub-system that describes its position (x, y, z)
and the rotational sub-system which defines its orientation
(¢, 0, ). The conventional quadrotor model is considered
to be an under-actuated system because it has four indepen-
dent control inputs used to control six DOF motions. In the
quadrotor, the rotational sub-system is fully actuated while
the translation sub-system is under-actuated. Consider that a
quadrotor is represented by a concentrated mass m. Based on
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Newton’s second law, the translation motions of the quadrotor
described in the body frame are obtained by considering its
forces described in the earth frame as:

FE = m%(VE) 3)

It is more practical to express equation (3) in the body-fixed
frame. In order to achieve that, the Coriolis equation is used
in which it relates the vector derivatives at two distinctive
frames through an angular velocity vector, w that describes
the rotation of the body-fixed frame with respect to the earth
fixed frame [16]. Therefore Y F B will be as follows:

ZFBzm\'/B—i—a)Bx(mvB) 4)

where equation (4) is considered as the non-linear transla-
tional motion.

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

ME = J%(wE) (3)

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

> MP =Jo® + 0P x (JoP) (6)

C. DYNAMICS OF QUADROTOR

1) TRANSLATIONAL EQUATIONS OF MOTION

Based on equation (4) and with reference to Figure 2, while
assuming that the perturbations are small when the quadrotor
hovers at a lower height, the translation equations of motion
based on Newton’s second law are obtained as follows [17]:

> FB = miP @)
0
m® =] 0 |+RFy+D—Fy (8)
| —mg
i 0
Frg = 0
| Fi+Fo+F3+ F4
B 0 0
= 0 =10 9)
| Ke(w? + w3 + w3 + w3) Ui
where

. r: distance of the quadrotor from earth frame, [x vz ]T

. m : mass of the quadrotor

. g : gravitational acceleration

. Iy, 1 non-gravitational forces acting on the quadrotor

. Fq :drag forces, [kl)'c koy k3Z]T; ki, ko, and k3: aerody-
namic translational coefficients

. D : disturbances, [ d| d> d3 ]T

. Kp : aerodynamic force coefficient

. Uj : altitude control input
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After rearrangement, the translational equation of motion can
be expressed as [18]:

U
% = 2L (cosOey + spsyr) — ki -+ dy (10)
m
. U .
§= o (epsOsy —spey) —kay+dy (1)
. U .
£ = L (cpet) — g — ki +ds (12)
It is obvious that the translational sub-system is under-

actuated and depends on both the translational and rotational
state variables, as shown in Figure 3.

Translational ﬂ
Subsystem ———~ XV%.Z
u.
Uy Uz, Us Uy 71
p— Error Rt X,z Output
esiret
B R e A
ar ba O, a
t Uy
Actual whwhwhw Vs S sow
2.4,0.9 Subsystem
$,6,%

Quadrotor modcl

FIGURE 3. Schematic block diagram of a quadrotor UAV.

2) ROTATIONAL EQUATIONS OF MOTION
By using the Newton-Euler method, equation (6) can be
expressed as [17]:

Jo = [Mpis + M — Mg — Mar] — o x Jo (13)

F; = Kpw? (14)
M; = Kyw? (15)
where
. J : diagonal inertia matrix,
Lix 0 O
J=1 0 Iy 0 |;Iy, Iy, and I, are the moments of
0 0 I,

inertia about the principal axes in the body frame, and the
off-diagonal terms are 0 since the quadrotor structure is

symmetric.
. w : angular velocity vector in a body frame,
¢ ¢
w=|0 |andw=| 6
v 14

« Mpjs : random disturbance moment

. M : moments acting on the quadrotor in the body frame.

. Mg : gyroscopic moments due to the rotors’ inertia
which is a physical impact in which the moments attempt
to adjust the spin axis of the rotor along the z-axis. This
can be expressed as:

0
Mg =w x 0 (16)
Jrws

Jr: rotors’ inertia constant
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wy : rotor relative speed,
wy =W + Wy — w3 — wy

« My, : friction moment which is the friction of the
moving quadrotor body with air

. Kr and Kyp: aerodynamic force and moment coeffi-
cients, respectively

. wj : rotational speed of rotor i

Note that ¢ 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 the zg axis in the body frame.

Each rotor causes an upward force (thrust (= lift) ;) and
a moment M; with the direction opposite to that of the z;.
Propellers 1 and 2 rotate in the same direction (CW) whereas,
Propellers 3 and 4 rotate in the opposite direction (CCW)
leading to stability in the complete model, balancing the over-
all torque and canceling the gyroscopic and aerodynamics
torques in stationary flight, as depicted in Figure 2.

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

lKF(wg — wi)
IKp(w? — w?)
_KM(—w% — w% + w% + wi)
[ 10,

= | IUs (17)
Uy

M =

where, [ is the moment arm, which is the distance between
the center of the rotor and the center of gravity of the body
frame, while U,, U3, and Uy are the rolling, pitching, and
yawing control inputs, respectively.

Therefore, by substitution in equation (13), the rotational
equations of motion are given by [18]:

. U, 6J s T —1 )
$=Mayp+ -2 — 5 16 (u)—w (18)
X

Ixx Ixx IX

. U w. .. (L, —1 .

b=Myq+ 2+ 20 r+w¢(—“ *")—kse (19)
I)’)’ Iy}’ Iyy

. U oL — T .

U =Mg + — + ¢0 (—”) — ker (20)
IZZ IZZ

where

« k4, ks, and kg: aerodynamic friction coefficients

+ Map, Maq, and Mg;: random disturbance moments
The relationship between the control laws and the angular
speeds of the four rotors, from equations (9) and (17), is given
as:

2
U Kr Kr Kr Kg wy
U, | | 0 0 Ke  —Kp || w3
Us | | —Kr  Kr 0 0 w?
Uy —Km —Km +Kv +HKwm w?
1

(21)

Thus, to get the angular speeds as a function of the control
laws, one has to acquire the inverse of equation (21). It is
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obvious that the rotational sub-system is fully actuated and
depend§ only on the state variables x; — xg that correspond
to [¢ ¢ 060 Yy ] respectively, as shown in Figure 3.

D. BODY JERK

Jerk is a rate of change in the acceleration as a result of a
change in the force. From a mathematical point of view, it is
the time derivative of the acceleration (a third derivative of
the position). The body jerk can be expressed as:

da d . 1d
Jerk = I x) = o (F) (22)
IIl. CONTROLLER DESIGN

After the kinematics and dynamics of the quadrotor UAV are
derived, a number of control schemes can be designed and
experimented with that may eventually lead to an innovative
hybrid control scheme that can stabilize the quadrotor, reject
the applied disturbances and improve the body jerk perfor-
mance during trajectory tracking.

A. PROPORTIONAL-INTEGRAL-DERIVATIVE (PID)
CONTROLLER

A PID controller is a relatively robust linear controller that is
very common in the industry and can be used in a wide range
of applications due to its simplicity, practicality, and relia-
bility. The PID family typically comprises the P, PI, PD and
PID controllers that include the three gains (controller param-
eters); the proportional term (Kp) expressing the present error,
the integral term (Ky) describing the accumulated past error
and the derivative term (Kp) predicting the future error to
get the best response. The schematic diagram of the PID
controller is shown in Figure 4.

Plant / Process 7 Y@

Reference, Error, P]D Control Action, Output,
r(t) . e(t) FE o u®

Feedback
(Sensor)

FIGURE 4. Schematic diagram of a PID controller.

The PID controller is not only used for linear systems
but can be also applied to non-linear and coupled sys-
tems. Many types of research use a standard PID controller
for controlling the quadrotor UAV, either practically [19]
or analytically [20]. The PID control parameters can be
tuned using a trial-and-error method (TEM), a look-up table,
optimization methods, or intelligent techniques. One such
method is by using the look-up table as in the Ziegler-
Nichols method [21], while other researchers used a standard
PID controller tuned by genetic algorithm (GA) to achieve
an improvement in the stability and execution of the sys-
tem performance [15], [18], [22]. The results showed the
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effectiveness and robustness of the PID scheme in trajec-
tory tracking although the PID compensation was deemed
ineffective at rejecting external disturbances such as windy
environments [22].

To design a PID controller, generally, the following equa-
tion is utilized:

K,
G (s) = Kp + TI + Kps (23)

Therefore, the output of the PID controller can be expressed
as:

Kie (s)
m(s) = G (s)e(s) = Kpe (s) + P + Kpse (s) (24)
where e(s) is the error:
e (s) = Reference — Output (25)

1) POSITION CONTROL

Based on the dynamics of the translational and rotational
subsystems, the altitude and orientation of the quadrotor are
controlled based on the control laws Uy, U, Uiz, and Uy.
While the x and y positions cannot be controlled directly by
utilizing one of the four control laws they can be controlled
using the roll and pitch angles. The calculated ¢4 and 63 have
to be limited to a range of between -20° and 20° to fulfill the
small-angle assumption and can be expressed as:

¢g = Uﬂwxsl/f — Uycyr) (26)
1
04 = Uﬂl(Uch + Uysy) 27)

where the closed-loop simulation for the complete quadrotor
model has two control loops: an inner loop which contains
the altitude and the orientations (Z, ¢, 6, and ) and an outer
loop that includes the position (x and y) as shown in Figure 5.

|_Z L emr | Alfitude i
controller N z
4
Z"I $.0
U2 d
®.0 0 _eror | Attitude Model ¥
" controller U3
Pa. 0a Ly

T
||

Heading error
controller

Position | error
controller ‘

Gl
I Xa.Ya

FIGURE 5. Schematic block diagram of a quadrotor UAV.

B. ACTIVE FORCE CONTROL

Active force control (AFC) is an innovative technique based
on the classic Newron’s second law of motion. A schematic
diagram of the AFC is shown in Figure 6. The main
advantage of the AFC technique is its ability to reject any
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FIGURE 6. Schematic diagram of the AFC technique.

known/unknown and internal/external disturbances in the
dynamic system effectively, while keeping the system robust
and stable during the system’s operation [23]. The AFC
strategy is mainly based on the appropriate estimation of the
estimated mass or inertia of the system dynamics, the accurate
measurement of the force (or torque), and the acceleration of
the physical system. The open-loop transfer function (plant)
can be obtained by considering the following expression:

F=%-% (28)
T Ut
where

. T :torque applied to the system
. Ur: total control output signal
. o : angular acceleration
If external disturbances are applied to the dynamic system:
o«
~T+D
Implementing the AFC strategy:
o o

Ur+D U+Q*+D

(29)

TF =

(30)

where

. D : disturbance applied to the system
. U : control output signal
O*=WF %D’
D =T -TId
. O* : AFC output signal
. WF : weighting function
. D': estimated disturbance torque
. T’ : measured torque
. I’ : estimated mass moment of inertia
. o : measured angular acceleration
The superscript () represents the measured, estimated,
or computed parameters. 7’ and o are measurable quantities
that can be measured using a torque sensor and an accelerom-
eter, respectively.

C. ITERATIVE LEARNING CONTROL (ILC)

One innovative intelligent control strategy is ILC, or what is
called a betterment process, which is considered to be a type
of adaptive intelligent control that acts smartly to enhance the
automatic control systems and achieve higher performance
levels in reference tracking. This is based on the improve-
ment of the transient response of dynamic systems that oper-
ate repetitively over a fixed time interval as proposed by
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Arimoto et al. [24]. It enhances the system performance by
utilizing prior information about the previous iterations [25].
Also, it solves the problem encountered by the system which
is subjected to various forms of inputs. A schematic diagram
illustrating the IL principle is shown in Figure 7.

Control Action, u;, Plant Output, y;

Plant

g, . .
+1 Iterative Learning
Controller

error, e(t) . Ydesired

FIGURE 7. Schematic diagram of the ILC technique.

It is important to apply an algorithm for generating the
next control input in such a manner that the impact of the
error is either reduced or converged on successive trails. Due
to the analogous relationship of the mathematical expression
to the classical PID control, the IL algorithm could be duly
described as a P, P, PD, or PID-type ILC algorithm [24].

The learning control rule for the PID-type can be expressed
mathematically as [24]:

ug+1 (1) = ux (1) + Kex(t) €1y

where
« uky1 (7) : next step value of the output
. ug (t) : current output value
. ex(t) : current error value
. K :designed parameter (constant)

containing the PID term,
d
K = r [ dt —
¢+ / + ¢ I

¢, I', and v : learning parameters associated with the P, I and
D terms, respectively.

In this study, a PD-type IL algorithm was utilized and
embedded into the ILAFC scheme to determine the appropri-
ate value of the estimated inertia automatically, as follows:

INvs1 = IN + Ke(t) (32)

where

« INg41 : next step value of the estimated inertia

« IN¥ : current value of the estimated inertia

K=¢p+yL
A schematic block diagram of the proposed ILAFC is shown
in Figure 8. Dong and He applied a novel fuzzy PID-ILC
algorithm successfully to the trajectory tracking of a quadro-
tor UAV [26], while Allahverdy et al. proposed a back-
stepping integral sliding mode control (BISMC) with an
ILC algorithm for controlling the translational and rotational
dynamics of the quadrotor [27]. For the IL algorithm, a stop-
ping criterion is best defined as halting the learning iteration
when it is deemed that learning has successfully achieved the
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FIGURE 8. A schematic diagram of PID-ILAFC.

iteration count limit or the desired parameter has successfully
converged. In this study, the ILC was designed and imple-
mented for tuning the estimated inertia of the AFC strategy,
where the stopping criterion was assigned when the error is
anticipated to meet a value near the zero datum.

D. FUZZY LOGIC CONTROL (FLC)

FLC is a type of intelligent control method that is either a
knowledge-based or a rule-based system. The fuzzy logic
concept was first introduced by Lotfi Zadeh in 1965. It uti-
lizes data and intelligent computing to derive the control
output. Its principle is based on the fuzziness in the real-world
and the simulation of human experience by incorporating
the linguistic variables and the IF-THEN rules. The FLC
is distinguished among other intelligent methods as using
subjective human thinking throughout the controller design
to find the solution to the problem. This is very suitable
for complex dynamic models, highly non-linear systems,
or incomplete information systems without deep theoretical
knowledge. For control implementation, there are two main
fuzzy implications — the Mamdani type rule and the Takagi-
Sugeno rule. In this study, the Mamdani type rule was utilized
for designing the FLC as a tuning tool. There are four basic
steps to implement FLC; Fuzzification which converts the
crisp value into a fuzzy value, Ruled Evaluation which pro-
duces the output based on certain rules, Aggregation which
combines the consequences of each rule into a single fuzzy set
output, and finally Defuzzification which converts the fuzzy
output into a crisp output.

An FLC has been proposed for controlling the quadrotor.
Kuantama et al. [28] demonstrated modeling and control of a
quadcopter system using a standard PID controller and a PID
controller tuned by an FLC. It appeared that the fuzzy-PID
controller is more compelling and productive in canceling
the outside disturbances, reducing the errors, and automati-
cally adjusting the tracking response compared to a standard
PID controller [28], [29]. Demir et al. [30] further studied,
both numerically and experimentally, the attitude control
and real-time trajectory tracking of a quadcopter model by
utilizing a self-tuning fuzzy PID controller. In this section,
FLC was used for self-tuning the PID controller based on
the prescribed operation and loading conditions and also for
determining the appropriate value of the estimated inertia in
the AFC loop. They were employed to control the quadrotor
performance and later compared to other schemes based on
system characteristics.
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FIGURE 9. A schematic diagram of PID-FLAFC.

1) SELF-TUNING OF THE INERTIA VALUE
FOR THE AFC STRATEGY
In this section, the FLC was used for estimating the value of
the estimated inertia automatically, as shown in the schematic
block diagram of Figure 9. In the FLAFC block, there are two
inputs - the error e(¢) and the actual response y (¢), whereas
there is only one output which is the estimated inertia value.
The rule-based inferences applied in the FLAFC system
were also suggested based on the expert user experiences
as shown in Table 1. The linguistic variables used for the
error, the actual response, and the estimated inertia were all
defined as [Small (S), Medium (M), Large (L)]. Meanwhile,
the triangular membership function was applied for all of
the variables, while the centroid technique was utilized for
defuzzification in the Mamdani engine.

TABLE 1. Rule-based inferences applied in FLAFC.

y@®
S M L
N L L M
e(t) M L M M
L M M S
Disturbance
Refercnce,  Error, _ppes | _—
&'*, ﬂdm — PID —— —Actoator—4+* —|  Plant Acceleration % —‘i} y(t)
¢
Weighting Estimated [y FEC., Y
Function Inertia e

.

Feedback
|

FIGURE 10. A schematic diagram of ST-FPID-AFC.

2) SELF-TUNING FUZZY PID CONTROLLER (ST-FPID)

For the quadrotor model, the PID controller was used as
the main control system, whereas the FLC was used to pro-
vide the automatic adjustment of the PID controller param-
eters based on the given loading and operating conditions,
as shown in Figure 10. The self-tuning fuzzy PID controller
was proposed based on work by Zhao (1993). There are two
inputs for the ST-FPID scheme comprising the error and the
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derivative of the error, whereas there are three outputs for
the system - Kp, Kp, and «. The error e(t) is the difference
between the setpoint and the actual responses, while the
derivative of the error é(t) is the rate of the error. For the
output, Kp is the proportional gain, Kp is the derivative gain,
and « is the variable that is utilized to obtain the K} value and
based on equation (22), another equivalent form of the PID
control algorithm can be expressed as [31]:

Gls) = Kp(1 + ~ + Tys) (33)
Tis
where
. T; : integral time constant = %’
. T4 : derivative time constant = %

The relationship between the derivative and the integral time
constants can be expressed as follows:

Ti = aly (34)
By substituting and rearranging the previous equation:
K= Kﬁ/aKD (35)

The rule-based inferences applied in the ST-FPID scheme
were proposed based on expert user knowledge and experi-
ences and the rule-based inferences of Kp which can be seen
in Table 2. The linguistic variables used for error and the
derivative of error were both defined as [Very Small (VS),
Small (S), medium (M), Large (L), Very Large (VL)] while
Kp and Kp were characterized as [Big (B) and Small (S)]
whereas o was defined as [Very Small (VS), Small (S),
medium (M), Large (L), Very Large (VL)]. Meanwhile, the
triangular membership function was applied to all variables,
while the center of gravity technique was employed for
defuzzification in the Mamdani engine.

TABLE 2. Kp rule-based inferences applied to the ST-FPID scheme.

Kp
é(t)

VS S M L VL

B B B B B B

e(®) S S B B B S
M S S B S S

L D B B B S

VL B B B B B

Moreover, regarding the stability analysis of the PID-AFC
scheme, it was shown that the stability of the system is
independent of the quadrotor model; however, it depends on
the actuator dynamics, the PID parameters, and the estimated
inertia in the AFC strategy. Thus, the stability of the quadro-
tor model will not affect the stability of the whole system.
Also, this is a guarantee that the system displays responses
that are limited when it is excited with proper inputs to the
system [32].
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IV. SIMULATION, RESULTS, AND DISCUSSION

A. SIMULATION

In this section, the derived dynamic system and the pro-
posed control systems were implemented and simulated using
MATLAB/Simulink software, while the Fuzzy Logic Tool-
box was employed for applying the FLC and the self-tuning
fuzzy aspects. A number of control schemes, i.e., the PID,
PID-AFC, ILAFC, FLAFC, and ST-FPID-AFC were sim-
ulated and numerically experimented with, after which a
comparative study was carried out to analyze the perfor-
mance of system characteristics based on their effectiveness.
To assess the control strategies’ performance, various oper-
ating and loading conditions were considered. Disturbances
were added to the quadrotor UAV dynamic system in the
form of forces and moments to give the effect of a windy
environment. The quadrotor model has been subjected to
two different types of disturbances: a sinusoidal wave and a
repeated pulse of equal sizes and periods (pulsating distur-
bances), as shown in Figure 11. The amplitude and frequency
of the sinusoidal wave were set to 1 m and 1 Hz, respectively,
as shown in Figure 11 (a); whereas the amplitude, period,
width and delay for the repeated disturbance are 1 m, 2 s,
30 m, and 1 s, respectively, as shown in Figure 11 (b).
The controller output signal is directly fed into the derived
dynamic model without any mapping in the actuator. The
values of the quadrotor parameters are listed in Table 3,
while the PID controller gains that are tuned heuristically
are shown in Table 4. The expected results were analyzed in
time domain, noting that the objective of the control system
parameter tuning is to minimize the peak time, the settling
time, and the steady-state error.

05

Amplitude (m)
Amplitude (m)

A5 -05
0 5 10 CE ] 30 0 5 10

Time (sec)

(a) (b)

FIGURE 11. (a) Sinusoidal wave and (b) pulsating disturbances.

15 20 25 30
Time (sec)

B. RESULTS AND DISCUSSION

In this section, a comparison study of all of the proposed
control systems was conducted in the time domain through
simulation, where the simulations of the model were solved
using the ode45 with a variable-step solver and a relative tol-
erance of 0.001. Two types of disturbances were introduced
into the quadrotor system, namely, a sinusoidal wave and
pulsating disturbances to check the efficacy of the proposed
control schemes in stabilizing the system and rejecting the
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TABLE 3. Quadrotor system parameters [17], [33].

Description Unit Value
Quadrotor mass, m kg 0.65
Distance from the center of mass

m 0.23
to each motor, {
Mpment of inertia about the x- kem? 7553
axis, Ixx

Moment of inertia about the y- kem? 7 553

axis, Iyy

Mpment of inertia about the z- kem? 1.3E-2
axis, I,

Gravity, g m/s? 9.8
Thrust force coefficient, Kr Ns? 3.13E-5
Moment coefficient, Ku mms? 7.5E-7
Moment of inertia of the rotor, J; kgm? 6E-5
Translational drag force

coefficients, K1, K>, K3 Ns/m 0.01
Aerodynamic friction, K, Ks, K¢ Ns/rad 0.012

Attitude’s saturation 20° > ¢,0,¢y = —-20°

TABLE 4. PID controller parameters for various types of motion using a
heuristic method.

Motion
Gains X y z 0] 0 P
Kp 5 5 10 0.5 0.5 0.1
Ki 0 0 4 0 0 0
Kp 1 1 5 0.5 0.5 0.1

applied disturbances where they were activated only on the
dynamic system. Based on the position control, the dynamic
system outputs x, y,z, and y» were considered to be relevant for
the effectiveness of control schemes and the behavior of the
quadrotor model. A summary of system performances for all
of the control strategies is shown in Figures 12 and 13. Also,
the system characteristics for all of the cases are demonstrated
by utilizing bar charts in Figures 14 and 15 where TS, TP,
and SSE are the settling time, peak time, and steady-state
error, respectively. It is evident that all the proposed con-
trol schemes have revealed improvements in the system per-
formance compared to their conventional PID counterpart.
Also, the suggested AFC-based controllers showed superior
execution in damping the vibrational levels, oscillations, and
external disturbances.

The results also revealed the inability of the PID controller
to expel the external disturbances successfully. Moreover,
the results of the simulations showed the robustness and
the effectiveness of the PID-AFC tuned by a crude approx-
imation method in stabilizing the quadrotor system while
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FIGURE 12. Time response of all the control schemes in the presence of the sinusoidal wave
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FIGURE 13. Time response of all the control schemes in the presence of pulsating disturbance.

efficiently rejecting the disturbances. Also, the simulated
results revealed the high coupling impact for the forward
and sideward motions, and the rolling and pitching motions.
Furthermore, it is observed that, when the disturbances result
in a rolling movement (which in turn causes a sideward
motion along the y-axis), it also affects the forward motion
and vice versa.

It is thus evident that the AFC based controller is capa-
ble of stabilizing these effects and simultaneously reject-
ing the external disturbances. It is also important to note
that the computed value of the estimated inertia in the
AFC strategy is considered to be crucial for effective AFC
implementation.

The Al methods using IL and FL were later introduced for
automatically determining on-line, the appropriate value of
the estimated inertia in the AFC loop. The results showed
the robustness and effectiveness of the ILAFC scheme in
stabilizing the quadrotor system and expelling the introduced
disturbances efficiently. The importance of the ILAFC is in
its ease of design, efficiency, and automatic tuning. Moreover,
for real-time implementation, the ILAFC is considered as an
effective control scheme because of its ability to automati-
cally adjust the control parameters on-line in contrast to some
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of the other control systems that need to adjust their control
parameters off-line. Regarding the comparison between the
ILAFC and FLAFC, the results imply that the ILAFC shows
better performance than the FL for the quadrotor based on
the responses and the characteristics of the system. How-
ever, one of the exceptional benefits of using FL is that it
does not require any precise mathematical formulation or
model; the user experience and judgment is typically the only
pre-requisite.

With regard to ST-FPID-AFC, the results exhibit the
impressive ability of the proposed strategy to stabilize the
quadrotor model and reject the unsettling outside influences.
In comparison to the previous control schemes, the ST-
FPID-AFC scheme is considered to be one of the best
options among the other proposed control systems involving
no prior knowledge of the control system parameters or the
dynamic system, various loading and operating conditions,
and unknown disturbances. In these previous cases, the PID
controller parameters were tuned using the heuristic method.
This needs many trials and is time-consuming to obtain the
appropriate gain values, unlike the FPID controller that can
adjust its parameters effectively based on the surrounding
environment and conditions.
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Cases with sinusoidal wave disturbance

FIGURE 14. Characteristics of the suggested control schemes for the sinusoidal wave disturbance.

Cases with pulsating disturbance

FIGURE 15. Characteristics of the suggested control schemes for pulsating disturbance.

In this study, the effectiveness of utilizing the AFC-based
controller on the body jerk performance in the presence
of external disturbances is also investigated. Amongst the
proposed control schemes, the PID-ILAFC strategy was
used to test its robustness for the body jerk performance.

VOLUME 8, 2020

Here, the sinusoidal wave and pulsating disturbances were
applied as external disturbances and in the z-direction only.
Three cases were studied in relation to the body jerk
performance, with reference to equation (22): PID with-
out any disturbances, PID with external disturbances, and
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FIGURE 17. Responses of the body jerk performance in the presence of pulsating disturbance.

PID-ILAFC with external disturbances. The responses of the
body jerk performance for these three schemes are presented
in Figures 16 and 17. Here, the root mean square (RMS)
level was used to deduce the best result and can be expressed
as:

(36)

where N is the sample size and x is the output signal.
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The RMS level values of the cases’ responses are listed
in Tables 5 and 6. To assess the body jerk performance,
the percentage of the root mean square error (RMSE) was
calculated where the PID system was considered as the basis
for comparison for acquiring the improvement percentage.

From Figures 16 and 17, the simulated results revealed
the ability of the IAFC based controller in improving the
body jerk performance. From Tables 5 and 6, the per-
centages of the improvement in the body jerk perfor-
mance for x,y, and z motions, are 59%, 60%, and 17%,

VOLUME 8, 2020



S. I. Abdelmaksoud et al.: Robust Intelligent Self-Tuning Active Force Control of a Quadrotor

IEEE Access

TABLE 5. Characteristics of the quadrotor dynamics with sinusoidal wave
disturbance.

Motion RMSE
PID without x 1.12
Disturbances y 0.92

z 17.37
PID with ; (1);;
Disturbances z 74
PID-ILAFC with * 0.46
Disturbances y 0.36

z 14.45

TABLE 6. Characteristics of the quadrotor dynamics with pulsating
disturbance.

Motion RMSE
PID without X 1.12
Disturbances y 0.92
z 17.37
PID with x 1.12
Disturbances y 0.92
! z 18.6
PID-ILAFC with X 0.41
i y 0.32
Disturbances
z 14.3

respectively and the sinusoidal wave disturbance, 63%, 65%,
and 18%, respectively. For pulsating disturbances, where
the RMSE decreases, the body jerk performance becomes
better. Even the body jerk showed some oscillations when
utilizing PID-ILAFC, however, the overall performance is
far better than for PID only, in the presence of external
disturbances.

The findings serve to provide more insights into the field
of rotorcraft systems in the areas of disturbance rejection
and effective control capability during trajectory tracking.
Thus, it can be summarized that the hybrid control schemes
based on the TAFC strategy for the quadrotor model, as an
example of rotorcraft UAVs, are robust against various forms
of disturbances and uncertainties, while at the same time
achieving the desired system stability with minimal tracking
error. Besides, the proposed control strategies are able to
effectively reject disturbances without the need to increase the
torque of the actuator or retuning the PID controller gains and
it is proven that the proposed control systems can guarantee
that all the closed-loop signals are efficiently tracking the
reference trajectories. On top of that, the IAFC-based control
systems are able to efficiently improve the body jerk perfor-
mance by at least 17% in the presence of uncertainties and
external disturbances and reduce the exposure to unnecessary
or undesirable motions to avoid vibrations and oscillations
that may cause failure in the aerial systems.

It is worth reiterating here that this work is yet another
robust AFC-based scheme applied to a more sophisticated
aerial system considering more challenging operating and
loading conditions to enhance the disturbance rejection
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capability and control improvement, especially in the body
jerk performance.

By applying the proposed IAFC-based controller to the
6-DOF quadrotor system, it can be seen that it is character-
ized by its ease of implementation and low computational
burden due to the use of relatively simple control algorithms,
particularly those related to PID, AFC and ILC. This in turn
implies a huge potential implication for real-time implemen-
tation. Arguably, the main constraints in the implementation
of the AFC strategy are the limited actuator’s bandwidth
that restricts the AFC output signal and the presence of the
algebraic loop that can be solved by adding a delay within
the model.

V. CONCLUSION

The external disturbances and windy environment are
considered to be challenges that face the quadrotor UAVs
during trajectory tracking. The quadrotor being a highly non-
linear, under-actuated, and complex dynamical system was
rigorously analyzed taking into account the gyroscopic terms,
external disturbances, aerodynamics, and friction impacts.
The proposed PID-AFC, PID-ILAFC, PID-FLAFC, and
ST-FPID-AFC schemes have been successfully designed and
implemented to analyze the system behavior and charac-
teristics. The AFC-based schemes clearly showed robust
performance in stabilizing the quadrotor model and in reject-
ing different types of the introduced disturbances, i.e., the
sinusoidal wave and pulsating disturbances when compared
to the conventional PID controller counterpart. Furthermore,
the TAFC based hybrid novel control structure showed a
notable 17% improvement in body jerk performance in the
presence of uncertainties and external disturbances. Future
works should focus on validating the practical and real-time
implementation of the proposed PID-IAFC strategy on a
physical quadrotor UAV model. It will be very useful to
further evaluate the practical viability of the method for
using the proposed controller in a real-world scenario, con-
sidering various real operating and loading conditions. The
IAFC-based controller can also be particularly applied to
explore its ability to suppress the swing load vibrations of
a quadrotor-slung load system for transportation mission.
Further research might consider the actuator mapping with
the proposed control schemes.
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