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Optimal model-free fuzzy logic control for
autonomous unmanned aerial vehicle

Hossang E Glida!, Latifa Abdou?, Abdelghani Chelihi®3, Chouki Sentouh* and Gabriele
Perozzi

Abstract

This article deals with the issue of designing a flight tracking controller for an unmanned aerial vehicle type of quadrotor

based on an optimal model-free fuzzy logic control approach. The main design objective is to perform an automatic flight
trajectory tracking under multiple model uncertainties related to the knowledge of the nonlinear dynamics of the system.

The optimal control is also addressed taking into consideration unknown external disturbances. To achieve this goal, we

propose a new optimal model-free fuzzy logic—based decentralized control strategy where the influence of the in-

terconnection term between the subsystems is minimized. A model-free controller is firstly designed to achieve the
convergence of the tracking error. For this purpose, an adaptive estimator is proposed to ensure the approximation of the

nonlinear dynamic functions of the quadrotor. The fuzzy logic compensator is then introduced to deal with the estimation
error. Moreover, the optimization problem to select the optimal design parameters of the proposed controller is solved
using the bat algorithm. Finally, a numerical validation based on the Parrot drone platform is conducted to demonstrate the

effectiveness of the proposed control method with various flying scenarios.
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Introduction

Over the last decade, the unmanned aerial vehicle (UAV)
type of quadrotor has motivated many research studies due
to their several applications such as today’s shooting
techniques which require drones equipped with digital
systems to make films that cannot be achieved by classical
means. Another application where quadrotor UAVs are
used is road monitoring in order to collect data about the
traffic situation and road safety. The drone type of
quadrotor is also used in the field of agriculture to control
crop fields more effectively. Many other applications
related to the UAV can be found in Refs. 1, 2. Regardless
of whether the quadrotor UAV is in remotely controlled or
fully autonomous, the aircraft presents high nonlinearities
and strong coupling effect between their state variables.
They are multi-input-multi-output, open-loop unstable,
and underactuated systems. Moreover, in most cases, they
are intended to operate in harsh environments which may
possibly include physical constraints, measurement noise,
and strong disturbance winds. For these reasons, the
design of trajectory tracking control for the quadrotor
UAV still remains challenging.

Recently, several linear and nonlinear control ap-
proaches were applied on the UAV type of quadrotor using

various control strategies. Although these approaches
have given interesting results, they have certain limi-
tations. The proportional—-integral-derivative (PID) and
linear quadratic (LQ) regulators are sensitive to parametric
variations of the quadrotor system and the effect of the
disturbance.®* The feedback linearization approach relies
on full knowledge of the dynamics to guarantee robust
tracking performances.” The chattering problem well
known in the sliding mode control (SMC) approach was
resolved using the disturbance observer-based SMC in

" Department of Electrical Engineering, LMSE Laboratory, University of
Biskra, Biskra, Algeria

2 Department of Electrical Engineering, LI3CUB Laboratory, University
of Biskra, Biskra, Algeria

3 Department of Electronics, Faculty of Technology, Contantine |
University, Constantine, Algeria

*Hauts-de-France Polytechnic University, CNRS, INSA Hauts-de-France,
LAMIH, Valenciennes, France

® Univ.Lille, INRIA, Centrale Lille, CNRS, UMR 9189-CRIStAL, F-59000
Lille, France

Corresponding author:

Hossam E Glida, Department of Electrical Engineering, LMSE
Laboratory, University of Biskra, Biskra 07000, Algeria.
Email: hossam.gld@hotmail.com

DOI : 10.1177/09544100211025379 1



Proceedings of the Institution of Mechanical Engineers, Part G: Journal of Aerospace Engineering 235/6 (2021)

Refs. 6, 7 and modified SMC in Refs. 8, 9. In the other
hand, the backstepping controller (BC) has known suc-
cessful wide uses in the literature for quadrotor control as in
Ref. 10. Moreover, hybrid control strategies have also been
reported by combining two or more methods for improving
the control performances. For example, in Ref. 11, the BC
approach is combined with terminal SMC to design robust
adaptive tracking to control the quadrotor orientation and
position. A hierarchical control scheme which combines
model predictive control (MPC) with nonlinear H,, control
for quadrotor stabilization was proposed in Ref. 12. In-
telligent controllers such as fuzzy logic control (FLC),"* ™"
and neural network control'®'® are also investigated with
the previous approaches to solve such control problems.
Since the quadrotor is characterized by its nonlinearities
(i.e., external disturbance parameter variation which in-
cludes the aerodynamics force effect), the control ap-
proaches should achieve the tracking performance and
guarantee the system stability. However, the control strat-
egies applied to the drones have become increasingly more
complicated, which need huge computing to be im-
plemented in real time. Furthermore, most of the mentioned
works are based on the required knowledge of the ideal
model, while it exists an unmodeled dynamics in the
system. Although the existing controllers might be suffi-
cient to the UAV control and can track the desired trajectory,
the drawback is the inevitable presence of parametric un-
certainties and unknown external disturbances which could
compromise the tracking performance. Hence, it is nec-
essary to design the corresponding controller for the system
considering the unknown nonlinearities. Approaches such
as model-free control (MFC) seem promising ones.'® The
main benefit of this control approach is that it does not
require prior knowledge about the dynamic model which
can be easily applied to control unknown/complex systems,
such as quadrotor UAV. Up to now, many research results
on MFC of the quadrotor UAV have been presented.”’’
In Ref. 20, the proposed model-free control law is
composed of two parts: the first part is a linear control term
used to specify the dynamics of the closed-loop system, and
the second part is a compensator of the effects of un-
certainties and external disturbances which is synthesized
using the nonlinear estimator. In Ref. 21, a MFC based on
ultra-local model control was designed for a tracking
control of an UAV. Authors in Ref. 22 proposed a model-
free control applied on a quadrotor UAV based on adaptive
proportional-derivative—sliding mode control. Model-free
control based on the proportional-derivative (PD) con-
troller was proposed for a quadrotor in Ref. 23. However,
the control strategies which were developed in these works
are based on the known ultra-local model that must be
defined in a short operating time, but they do not define any
specific criteria to select the designed parameters which
leads to a great limitation of these approaches. Optimal
model-free control based on the backstepping technique
using an estimator approach to approximate the unknown
dynamic model functions was investigated in our previous
work,”* where the controller’s parameters are tuned using
a new metaheuristic algorithm called “the cuckoo search

technique.” This approach is based on many derivatives
about the variables which lead to a significant increase in
the design complexity of such a controller.

In Ref. 25, an indirect adaptive model-free fuzzy fault-
tolerant tracking control for the attitude quadrotor system
with actuator and sensor failures is developed. In this
work, 15 fuzzy systems are used in the control law with
a complex updating algorithm to deal with the unknown
dynamics and failures.

An adaptive fuzzy MFC approach is proposed in Ref. 26
for 3D trajectory tracking of the quadrotor. The authors
propose a combination of classical PD controller with fuzzy
system which is used to tune online the PD control gains
and to deal with the uncertainties and external disturbances.
However, the stability proof of the closed-loop control
system is not guaranteed which reduces its reliability. In
Ref. 27, a model-free and learning control algorithm using
type-2 fuzzy neural networks (T2-FNNs) are designed to
achieve a desirable translational and rotational control of
the quadcopter for agricultural purposes. This study pro-
poses a novel hybrid optimization algorithm combining
particle swarm optimization theory and sliding mode
control for the training of the T2-FNNs. The cited works
mainly aim to enhance the UAV’s control performance face
challenges in incorporating and handling various un-
certainties, disturbances, and failures. However, the pro-
posed fuzzy systems in these works are based on complex
learning methods, have a hefty structure, and cannot adapt
to rapidly changing environments in more tricky flights.

Motivated by the requirement for the simple and effi-
cient controller which has strong robustness to external
disturbances and can be implemented easily in practical
applications, we propose in this work an optimal model-free
fuzzy logic controller (OMFFC) based on the bat algorithm
applied to a quadrotor UAV. The aim of this work is to
design a control law without any prior knowledge about the
model system which allows to track the desired path for the
quadrotor navigation in presence of external disturbances.
The OMFFC design is performed in four steps. First, the
model-free control approach is applied to reduce the
controller’s complexity, to take into consideration the re-
quired performance, and to reduce the high-order derivative
output. Then, an adaptive estimator—reliant input—output
data of the quadrotor system are used to approximate the
unknown nonlinear dynamics and disturbances of the
quadrotor UAV. After that, the fuzzy logic system of Refs.
28, 29 is introduced to compensate the estimation error and
improve the tracking control properties which ensure ro-
bustness. Finally, to overcome the drawback of the design
parameters selection via trial and error, we propose to in-
corporate the bat algorithm (BA) which has been widely
used in several applications such as in Refs. 30, 31. Thus,
this article investigates an optimal model-free controller
design for a UAV-drone where the main contributions can
be summarized as follows:

* A new robust model-free control strategy—based
tracking control approach for an UAV type of quad-
rotor is proposed. For the controller design, a PID
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controller and an adaptive estimator of unknown dy-
namics and external disturbance with the fuzzy logic
control approach are combined to guarantee the robust
tracking convergence of the closed-loop quadrotor
system.

¢ The stability of the overall closed-loop system and the
asymptotic convergence of the tracking errors are
analyzed using the Lyapunov approach which guar-
antees the performance of the designed controller.

® Based on the bat metaheuristic method, an optimization
algorithm is proposed to solve the optimization problem
of selecting the design parameters for the proposed
controller while minimizing an objective function to
ensure the best performance of the quadrotor system.

® A decentralized structure of the designed control
scheme that only requires local measurements is used
to ensure that the control law is simpler and easier to
implement in real time. The effectiveness of the pro-
posed OMFFC approach is clearly proved with nu-
merical validations based on the Parrot drone platform.

The paper is organized as follows: In the Quadrotor
Model section, the mathematical model of the quadrotor
UAV and the problem statement used for the simulation
purposes are presented. The Flight Controller Design
section gives a detailed design procedure of the optimal
model-free fuzzy controller. The Optimal Model-Free
Fuzzy Logic Controller section presents several numeri-
cal simulations performed using the Parrot drone platform
proposed in the MATLAB/Simulink toolbox to demon-
strate the efficiency of the proposed controller. Finally, the
Numerical Simulation Results section provides some
concluding remarks and future works.

Quadrotor model
Mathematical modeling

The UAV used in this study is a quadrotor drone as de-
picted in Figure 1, which is an underactuated system with
six outputs. Three position outputs (x, y, z) and three
orientation outputs (¢b, 6, v), controlled by the total forces
and torques (u., ug, ug, u,,), obtained by varying the rotor
speeds. The quadrotor motion is described in 3D space
according to two coordinate frames which are the body-
frame Bp,s») and Earth-frame E. ..., and the re-
lationship between these two frames is given by the
transformation matrix as follows

clcy cyslcd —sycd cysOed + syse
R= | cOsy swsOs¢+cwcd swysbcd — cysep (1
—s6 s chcl

where cx = cos* and s* = sinx. The quadrotor model is
derived via Euler—Newton formalism using force/moment
dynamics and kinematics via the following equation

my = —mgw, + u,Rw,

10=-0x10—F,+1 @

Zp

Figure 1. Quadrotor configuration.

where £ = [¥,7,7]" is the translation velocity vector, m
denotes the total mass of the quadrotor, g is the gravita-
tional constant and w, = [0, 0, l]T is the unit vector ex-
pressed in the frame, I = diagll,, 1, I.] is the symmetric
positive definite inertia matrix, ® = [¢, 0, y#]” represents
the quadrotor angular vector, F, is the gyroscopic effect
due to rigid body rotation, and 7 = [ud,,ug,uW]T is the
torque inputs vector. More detailed description of the
quadrotor dynamics is described throughly in litera-
ture.'®** The adopted mathematical model considering
the relation between By, yp -5y and E(xc e -y can be de-
scribed as follows

(cysbed + sy +do)/m
((cysbsp — cyed)u. +d,) /m
((cpcO)u.+d.) /m—g
= (L~ L) 0 — (1,0 +luy +dy) /1| )
((Iz _Iv)d"// + (JrQrM) + lug+ d&)/ly
(([x _Iy)¢9+”w +dw)/lz

AT S NP P

where / is the distance between the center of the quadrotor
and the propeller, /,, I, and I, represent the inertia con-
stants of the quadrotor, J, is the rotor’s moment, d,, d,, d.,
dy, dg, and d,, are the unknown disturbances which are
added to the quadrotor model to represent the external
forces effects like acrodynamics friction or wind, and (). is
the propeller angular rate computed as

O =w1—w+ 03 —wy “4)

where w; for i = 1, 2, 3, 4 are the rotation speeds of the
motors. The total force and torque values u_, uy, ug, and u,,
can be calculated through the rotor speeds as

2

U, kKl kI kl kl @y
ug | |0 —k 0 || )
g 0 K 0 —k||e
u,, k¢ —kc¢ k¢ —kg w?
4
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where £ is the drag coefficients and ¢ is the rotor’s reaction
torque constant.

Remark 1. The quadrotor model in equation (3) is ob-
tained after some simplifications of its physical concep-
tion, so that its body is assumed to be rigid and symmetric
and the rotors and propellers have the same model pa-
rameters. Furthermore, the Euler angles (roll ¢, pitch 6,
and yaw y) are bounded as || <7/2, |0| <7/2, and |y| <=.

Problem statement

From the mathematical model (3), we can observe that the
quadrotor has six outputs y; € {x, y, z, ¢, 8, w} controlled
by four inputs u; € {u., ug, ug, u,} to track the reference
path yiy € {x4, Va, Za, bu, a4, Wa}, which leads to conclude
that the quadrotor is an underactuated system. The altitude
and the attitude of the quadrotor fixed by z, ¢, 6, and y are
controlled directly by u., ug, ug, and u,, respectively.
However, its Cartesian position located by x and y is
conducted indirectly by two virtual control inputs noted u,
and u,, respectively, and their expressions are obtained
from equation (3) according to the following form''
{ux}__ {(ows6c¢—+sws¢>uz ©

u, | | (cwsOsd — cycd)u,

The values of u, and u, are computed through the pro-
posed controller that allows to generate the desired roll
angle ¢, and the desired pitch angle 8, by setting equation
(6) as

arcsin (u,sy — u,cy)

ba
= 7
[ Oa arcsin (uxcw '('9_ Sy > )
CUq

From the previous development, the quadrotor model
can be seen as a complex nonlinear multi-input-multi-
output system composed of six interconnected subsystems
when each subsystem describes only one dynamic output.
Then, to get a more comprehensible quadrotor model,
the dynamic equations of motion will be rewritten in
state-space form. First, let the global state variable
X =[x %0.9,2,%,¢, $,0,0,y, 1/'/]T, where x; = [xil,xiz]T
is the local state vector of each subsystem with y; = x;; and
X, its derivative, that is, x;p = X;1, and u; € {uy, u,, u., uy,
ug, u,,} are the control inputs. The state equations of each
subsystem are then given by
Xi = Xp
X = fi(X) + gi(X)u; + di(t) (®)
Vi=xin,l€{x,y,2,¢,0,w}

where f;(X) and g;(X) are smooth functions with respect

to X which presents the nonlinear dynamic and control
functions of the ith subsystem, respectively. With

LX) =0, £(X)=0, f£(X)=-g
fd)(X) = Iy - IZ) ]xx92x|//2 _JrQr/Ixxf)Z
Jo(X) = (L = L) [Lxgo%,0 + S, [ xgo
fu/(X) = ([x - [y) /]zx02X¢2
(X)) =1/m, g/(X)=1/m, g(X)=cxgicxp/m
o(X) = 1/L,  goX) = I/L, g,(X)=1/L

©))

The term d,(¢) denotes the disturbances that are added to
the quadrotor model considering the effects of parameters
uncertainties, unmodeled dynamics, and wind effects.
From equation (), it is easy to check that the nonlinear
input function g;(X) for each subsystem is assumed to be
positive, that is, g;(X) >0, V¢>0. Thus, the controllability
of each subsystem as well as of the quadrotor is ensured on
the all operating space.

The control problem considered in this article is the
asymptotic tracking of a reference trajectory y;; for the
quadrotor outputs y;. The reference paths and their de-
rivatives are assumed to be smooth, continuous, and
bounded. In the control literature of nonlinear systems,*
this assumption is frequently adopted to resolve the tra-
jectory tracking problem, especially the control algorithms
incorporate successive differentiation of the reference
signal, and it is an essential condition to ensure the
boundedness of all closed-loop system signals. In our
case, this condition is fulfilled by an introduction of a filter
differentiator in the control scheme to deal with the
computational explosion problem.

For the controller design, the state-space equations of
the quadrotor will be rewritten so that the nonlinear
functions and the disturbances of each subsystem are
lumped in one nonlinear function. For that, we have
multiplied the above dynamic model (8) by g;(X) ™" which
yields

0= —g(X) o +&(X) " (H(X) +di() +ur (10)

By adding x;; to both sides of equation (10), we can
write the model of each subsystem as follows

Xip = X
{)&,’2 :T,(X,t)+u, (11)

where W;(X,t) denote the total nonlinear dynamic
functions with disturbances and their expressions are
given by

(X, 1) = (1 - gf(X)fl)xiz +&(X) 7 (H(X) + di(t))
(12)

The aim of the next section is to design a model-free
control without the requirement of a prior knowledge of
the total nonlinear function (12). The proposed controller
is able to achieve a null steady-state tracking error, to
handle the unknown disturbances, and to perform a faster
convergence rate to determine its parameters through
a metaheurestic algorithm.

DOI : 10.1177/09544100211025379 4
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Flight controller design

To avoid the complexity related to obtaining an accurate
nonlinear model of the quadrotor UAV system, a model-
free fuzzy control (MFFC) is proposed to deal with the
trajectory tracking problem. For the quadrotor UAV-drone
dynamics formulated in equation (8), the control design
process is carried out in three phases. First, a PID con-
troller is used to impose a closed-loop dynamics combined
with an adaptive estimator used to approximate the un-
known nonlinear dynamics and disturbances of the
quadrotor UAV. Then, to compensate the estimation error,
a fuzzy logic system is introduced. Finally, the designed
control law is applied to the drone system through two
cascade control loops, the first loop is related to the po-
sition control, while the second loop is devoted to the
attitude stabilization. The block diagram of the overall
control system is shown in Figure 2.

(% %.9,2,2,6,4,6,6,%,9] [

Xa¥a Zg

v

controller

5 T

Uy Uy,

l

r

I o

)

1 = Position
1=

S

1 ~

1~

_ )
Attitude S 2
controller | & <]

v

Figure 2. Quadrotor control structure via two cascaded loops.

Adaptive estimator-based model-free controller

The MFC approach has many advantages which makes it
approved in many real applications like UAVs con-
trol.?'2*> The main advantage of this control strategy is
that the control law depends only on the real-time mea-
surement data of the controlled plant, without needing an
accurate dynamic model. In this study, the proposed MFC
control law is designed for quadrotor subsystems con-
sidering that the total dynamic functions with external
disturbances W;(X,¢) are unknown. First, the mathe-
matical model of the quadrotor drone formulated in
equation (11) is replaced by the following simple
representation

Vo =YX 1) +u (13)

In which the unknown nonlinear functions ¥;(X,¢)
should be estimated. Then, let us define e,(¢) and é;(¢), the
tracking errors and their derivatives, respectively, as
follows

ei(t) = x4 — xi

(14)

e,(t) = x;iz — X

where x4 = y;, x4 and ¥4, are the first and second de-
rivative of y;,, respectively. Their values are estimated by
the homogeneous finite time differentiator, as in Ref. 33,
which is defined by

7 (1) = —aily, (2) _J’id}/}l + 0t
(1) = —aaly, (2) *J’id}ﬁ2 +73(2) (15)
iy (1) = —asly, (£) =yl

where y € R? is the differentiator state with ;= 1 — iz for
i=1,2,3and any 7€ (—(1/3),0), while the parameters
ai, a, as are selected to ensure the Hurwitz property of
the matrix

1 0
A= |-a, 0 1
—daj 0 0

Then the system (15) performs an estimation of the
first and second derivative of y;; in a finite time:
xb = 7,(2),%% = 75(t). Increasing the smallest eigenvalue
of 4 improves the rate of convergence. In our work, 7 <0 is
sufficiently big, and the eigenvalues of 4 are chosen by
trial and error accordingly to the desired dynamics and in
such a way to avoid undesired response delay. It should be
mentioned that the used differentiator requires only the
output measurement and its convergence is independent of
the task of the closed-loop controller subsequently
developed.

Taking the quadrotor control in formula (13), the
model-free control law'? is designed as follows

ui(t) = uy (1) — Vi(X, 1)

. 4 (16
up(t) = Kipei(t) + Kipéi(t) + K / ei(t) + X

where K;p K;;, and K;p for i € {x, y, z, ¢, 8, w} are the
classical proportional—-integral-derivative gains and

DOI : 10.1177/09544100211025379 5
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¥,(X, 1) are the estimated values of W;( X, ). Substituting
(16) into (13) yields

é,(t) +Kpei(t) + Kipéi(t) + Ky / e(t) = —\if,-()(, t)
17)

with W;(X, 1) = Wi(X, 1) — W;(X,1) are the estimation
errors. From equation (17), it is clear that the steady error
dynamics of the closed-loop system is related to the design
parameters K;p K;;, and K;p. Their values are generally
chosen by the user in the way that the closed-loop stability
is guaranteed and the tracking errors can converge to zero.
Hence, when ‘i—’,-(X ,t) — 0 for t — oo, the errors dynamics
of quadrotor is related to the following equation

é[(t) +K,'P€,'(t) +K,De,(t) +K,‘] / e,-(l‘) =0 (18)

where the stability analysis of the control system can be
absolutely proved similarly as in Refs. 19, 34.
As an estimation law for W;(¢), we introduce the fol-

lowing first-order differential equation®

N I~ 1.

Wi(r) = —;(‘I‘,-(z) —¥(1) = ;‘Pi(f) 19)
where a,; > 0 are designed parameters to be chosen. We can
define equation (19) in the Laplace form as

~ 1
lPi(S) = 1 1o

Pi(s) (20)

where s represents the Laplace variable. It can be noticed
from equation (20) that @i is obtained from filtering the
unknown term P; via the filter 1/(1 + o;s) and we also
have ‘/I\‘,«(t) that converges toward W (¢) when the parameter
o, tends toward 0.

Let us use equation (13) to rewrite equation (20), we
can get

~ 1
Fils) = 1+ o;s

(s°yi(s) — wi(s)) @1

where y,(s) be the Laplace transform of the variable state
yi(f). Substituting equation (21) into (16), we obtain

1

s Y@ —u) @)

u;(s) = uy(s)
then

wi) = (14w - 2ve @)

With some mathematical manipulations, the control
law can be further rewritten as follows

1 1.
w) =0+ [u0) = il @)
With an adequate choice of K;p K7, K;p, and a; fori € {x, y,

z, ¢, 0, w}, the tracking of the desired trajectories for the
nonlinear system (11) will be achieved.

Model-free fuzzy control

In the previous subsection, the proposed MFC law based
on the linear PID controller is obtained with unrealistic
assumption that the quadrotor dynamic and disturbances
Y,(x, t) are ideally approximated by adaptive estimators
and that the existing estimation errors in equation (17) are
neglected. In addition, the PID controller can improve
alone the precision in trajectory tracking. To overcome
these problems, a robust fuzzy logic compensator is added
as an extra input to the MFC law (24) in which the
corresponding model-free fuzzy control (MFFC) law is
finally expressed as

i) gl 29)

1

ult) = uplt) 4 [ yl0)

where u;, are the fuzzy logic control terms.

This approach is easy to implement and has the ability
of generalization according to the theory of the universal
approximation.®> For designing the add-term u;s; let e; and
¢é; be the linguistic inputs variable of the fuzzy control
block of each subsystem. To simplify the used fuzzy
system structure, the universe of the fuzzy variables
discourse is divided into three fuzzy sets given by N, Z,
and P (i.e., the labels N, P, and Z denote “Negative,”
“Positive,” and “Zero,” respectively), and the fuzzy rules
are given as

Ry :1F e;is A, and é;is B,, THEN u;; is C, 4, (26)

where —1<n,m<1,and k=1, ..., 9 is the rules number.
We suggest to use triangular membership functions to
represent the linguistic variables as shown in Figure 3. The
defuzzification process is based on the center of gravity
method*® leading to express the output by the following
relationship

El,l Hy (ei):um (éi)cn+n1

m=—
n=-—1

y\t) = Il . = zT i)Vi 27
T ey @D

m

n=—1

where 0 < u,,,,, <1 is the firing strengths of rules R, for
k=1, ..., 9 which satisfies the condition le

——1
w, (e, (é) = 1; ¢; = —c3 and ¢, = 0 are the center of the
n,m

membership functions of the outputus r; = [r}, ..., 71"
are the vectors of the conclusion values in the fuzzy rules;

> €, € 3 > Ujp

L 1 L 1 1 L L
-1-075-05 0 05 075 1 -1-075 0 075 1

Figure 3. (a) Membership functions of input variables e; and
€;; (b) membership functions of output uje
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Fr e &0 " are the vectors of the height of the
membership functions of u;, with &""(e;) =, ,,/
1,1 . ;
E r;t:—l Hy (ei)lum (ei)'37

n=—1

Substituting the new control law (25), the closed-loop
dynamics (17) becomes

and & = [¢!]

e,(l‘) + Kipei(t) + K,De,(l‘) + K,‘] / e,-(t) = —qll(l() + Z/lif
(28)

By selecting E; = [e;, é,—}T, we can write (28) in state
equation as follows

E,-(t) = A,'E,' + Fi (uif - \ilim) (29)

il
Ai = ]
—kp  —kia

0 - -
ri:|:1:| and ¥, = il/ei+\Pi

The objective is to suppress the effect of ¥;,, by ap-
plying fuzzy control terms u;,to improve the accuracy and
robustness of the quadrotor control system. Using equa-
tion (27), ideal approximations of the error functions
¥,, are introduced over a compact set Ug, = argmin

{SuPE,»eUE,ﬁJim(t) - li"im(eia )|} as

(1) = Wi (e 77) = & (er)r; +A(5)  (30)

with

where 7} are unknown optimal parameter vectors mini-
mizing the approximation errors A,(¢). According to the
universal approximation property, A«(¢) are bounded for all
E; € Ug, as

A1) <A €2))

where A; are unknown positive constants. To compensate

the effect of estimation errors, that is, to let lime;(z) = 0,
. . . t—

the following equation should be satisfied

uy = V(e ry) = & (e)r (32)
where 7; are the estimates of 7. By substituting (30) and
(32) in (29), we can write

Ei(t) = N\E; — rf(fiT(ez’) (rl* - rf) + Ai) (33)

Based on the above analysis, the following theorem is
given to explain the MFFC performance of the overall
closed-loop quadrotor system.

Theorem. Considering the control problem of the
quadrotor system (13), the proposed model-free fuzzy
controller (MFFC) (25) with the estimators (19) and the
fuzzy control terms (32) ensures the stability of the overall
closed-loop system and the asymptotic convergence of the
tracking errors toward zero, that is, lime;(¢) = 0 if the
following adaptation law holds o

Part G: Journal of Aerospace Engineering 235/6 (2021)

rp = —iifi(ez‘)E,-TPiri (34

where /; are positive constants and P; are positive definite
matrices which satisfy

Al'TPi +PA; = -0, (395)
with Q; are diagonal positive definite matrices.

Proof. Consider the following Lyapunov function for all
quadrotor systems38

V= > V=

i€lx,y,2,0,0,y}

I - |
Z EEiP,'Ei-f—z—/_{irlI’i

i€lx,y,2,0,0,y}

(36)
where 7; = r} —r;. Taking the derivative of V] it then
comes to

i€{x,y,2,0,0,y}

(37)
e Lerpg - L
=Rk S B Bk iirir[
Using equation (33), one has
Vo tiTpE  Lerp - L5
i = R ik B il /lir,-ri
1
= S(AE ~Ti(] (e)Fi + ) PE, (38)
1 1
+ EEITP1<A1E’ — F,(flr(e,)?, + A,))_ /T;‘trrl

1

Considering (35), equation (38) becomes

1
= SET (AP, + PAN)E, — E[PTA,
1
— FlEe)EIPT, — 27T,
1
= _EE,'TQI‘EI‘ - EjTPiFiAi - ’N’iT [fi + /lié:i(ei)EiTPiri}
(39)

Combining the update law equation (34) into (39)

y 1 T T
V - Z — EEI QiEi — Ei P,-F,»A,-

i€{x,,z,9,0, v
1 1 _
<— zEl.T QiE; + |E[PTiA;| < — EE,.T Q.E; + |E] |P:iA;
(40)

In the equation, —(1/2)ET Q;E;<0, therefore, the ap-
proximation errors A; can be sufficiently small by fuzzy
systems which make 7;<0 and V € L. This implies that
the stability of the MFFC closed-loop system of the
quadrotor is guaranteed and the signals e;, é;, ¥;, and 7; are
bounded. By using Barbalat’s lemma,*? the errors ¢; and ¢;
converge asymptotically to zero. Thus, the theorem is

proved.
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Remark 2. The quadrotor system formulated in equation
(13) is stabilized by using the MFFC law designed in
equation (25) which is only linked to the tracking errors ¢;
and é; where no prior knowledge of the dynamic model is
needed. The convergence of the outputs y;, position, and
attitude of the quadrotor to the reference trajectories y,, is
achieved by using the Lyapunov method without any
restriction on system dynamics and controller parameters.
Only, PID gains K;p, K;p, K;;, and a; must be positive and
competently adjusted. In our control strategy, these pa-
rameters are computed automatically via a metaheuristic
optimization algorithm to have better control performance
for the quadrotor system.

Model-free fuzzy control for position and
attitude tracking

The MFFC control laws applied to the quadrotor are
formulated according to equation (25) for position and
attitude subsystems as it will be detailed in the following
subsections.

Position control design. In order to track the desired path in
3D motion, a model-free fuzzy control for position tra-
jectory tracking control is implemented. The dynamic
model of the altitude z subsystem according to (11) is
defined

le = X2
{xﬁ —WL(X,0) 4 u “1)

where u, is the control input signal of the altitude sub-
system defined as

1

4

() =y 1)+ [ 100

In order that the quadrotor tracks its desired path in x
and y planes, virtual control inputs u, and u, of Cartesian
position subsystems are computed as

(1) + / (1) = 23,0) + 0y ()

HIE
U a0+ [ = 0+ (0
(43)

Attitude control design. The attitude quadrotor is composed
of three rotational motions that allow to be transmitted
from the normal mode to the inverted mode or vice versa
according to the roll, pith, and yaw subsystems. The roll
subsystem is

Yo1 = X2 44
{)&¢2:‘P¢(X,t)+u¢ ( )

where u, is the control input signal of the roll subsystem
defined as

1 .

g (1) = gy (1) +—/“¢p(1) — V(1) +ug (1) (45)
Qg Qg

The pitch subsystem is given by

X1 = X
. 46
{ng = ‘pg(X, t) + Up ( )

where uy is the control input signal of the roll subsystem
defined as

wlt) = u(0) + [0 = 20+ () @)

The yaw subsystem is given by

-x./'l/ll = xu/2
{0 ¥ @

where u,, is the control input signal of the roll subsystem
defined as

u, (1) = uy, (1) +ai

(74

[0 =i (010 0) - 49)

Remark 3. From equations (42), (43), (45), (47), and (49),
it is obvious that the quadrotor inputs are totally in-
dependent since the control values of each subsystem are
only calculated through its local measurements, that is, u;
fori €{x,y,z, ¢, 0, v} are related only to the local tracking
errors ¢; and é;. Thus, no interaction exists between the
control of position and attitude subsystems which lead in
effect to have a decentralized (decoupled) control structure.
Besides, the proposed control scheme is simple and model-
free which makes it easy to be implemented in real time.
The incorporation of adaptive estimators (20) enables to
have a robust control law against unknown dynamics and
external disturbances, and the fuzzy logic control com-
ponents are introduced just to deal with estimation errors.
This proposed strategy can guarantee an optimal control
behavior against minimizing an objective function which
will be the subject of the next section.

Optimal model-free fuzzy logic controller

This section presents an optimal model-free fuzzy control
(OMFFC) design for the quadrotor system. In order to deal
with the control parameter selection issue, the bat algo-
rithm was included to find the optimal control parameters
of the quadrotor controller. This proposed strategy can
guarantee optimal control behavior against minimizing an
objective function. The block diagram of the overall
control system is shown in Figure 4.

Bat algorithm description

The bat algorithm (BA) is a metaheuristic algorithm that
was proposed by Yang,** which is inspired from the
behavior of bats while searching food. Its main concept is
formulated in the three following rules:

DOI : 10.1177/09544100211025379 8
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® Each bat (solution) uses its echolocation property to
estimate distance to a prey and can figure out the
difference between prey and surroundings;

¢ Bats fly randomly with velocity v at position p and
a fixed range of frequency O € [Omin, Omax] With
continuously different loudness ¥ and pulse emission
rate » € [0, 1] for looking of prey;

® The loudness assumed to be varying from big positive
value to a small predefined value (i.e., ¥ € [Umin, Fo))-

Based on these approximations, the main rules of the
BA can be summarized in pseudo-code shown in Algo-
rithm 1. The positions p; and velocities v; of the virtual bats
have to be defined in a d-dimensional search space that is
updated for each generation j. The new solutions x;; and
velocities vy; at time step k are generated via a frequency

0 as
Qj = Qmin + (Qmin - Qmax) X I’and(O, 1) (50)

CONTROL PROCESS

S

OPTIMAL MODEL-FRE{'CO NTROLLER

il
Uip (t) + Z

1
i (O)dt — a_fh‘

Reference path
=
=%
+
1 3

e e e = ———

Model

Vi, i€ {x,y,z,qﬁ,ﬁ,tp} L'_/

— ] :
RMSE I [~ -
ey S S i NONLINEAR

—
Objective Optimization
Function Values ) algorithm

i

- MODEL
Initialize bats

1
1
1
1
1
1
1
1
1
1
1
1
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1
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1
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1
]

1

|

populations - i
|

Figure 4. Optimal model-free fuzzy control structure.

Algorithm 1. Pseudo-code of bat algorithm (BA)
Cost function Min J
Initialize bat population: locations py
and velocities v, with random solution

Initialize frequencies Qy, pulse rates ry, and the loudness U

Find the best solution p”*' in the initial population

while J > desired tolerance do
Generate new solutions by adjusting
frequency — Q; equation (50),
and update velocities — v/ equation (51),
and position/solution p/* equation (52)
if rand > r; then

Generate a local solution around the selected best solution

Select a solution p7*” among the best solutions

end if
if (J(p;’ew) <J(py)) then
Accept the new solutions
Increase 74 and reduce ¥y
end if
Rank the bats and find the current best p***
end while
Output the best solution found p

best

DOI : 10.1177/09544100211025379 9
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Vi =g+ (ij —P,/bm) * Ok (51)

p;lew* :pkj _"_ ‘}j)jl(fVL’ (52)

Then the position pi®” is replaced by the solution
generated through random walk as*’

P =Pl + rand(~1,1) x 9 (53)
while 5;( is the average loudness of bats, where the new bat
solution p7” is generated as
{pj’?ew if  rand(0,1)>7;

new __

P (54)

py + Vv otherwise

The evolution rules for loudness and pulse rate are as
follows

7 = rp(1 — exp(—yt)) (55)

791( = 0'19]c (56)

where y and o are constants. Forany 0 <y <1 and ¢ >0, the
rate of pulse emission decreases and loudness as
I (t) = 0,74(t) > 1), as t — oo.

The best solution pf“’ is selected based on the objective

function values J

best pnew if J<pnew) <J(pkj)
P = { pi  otherwise 7)

Remark 4. The BA has been included to MFFC to achieve
a better performance for the quadrotor against minimizing
the RMSE objective function.

objective function J; for i € {x, y, z, ¢, 0, y} in order to
converge the error dynamics (28) of the closed loop to
zero. The step by step of the BA process applied on the
quadrotor control is given below.

Step 1. Initialize the maximum number of iterations max J,
the frequencies O, pulse rates ry, and the loudness ;.

Step 2. Initialize randomly the bat population vector as
many N as follows

piy = LB; +(UB; — LB;) x rand(0, 1) (58)

where LB; and UB; are upper and lower bounds of the bat
search space, respectively, and then select the best solution

pP*" according to the objective function J;.

Remark 5. In the literature of performance evaluation,
various metrics can be found like the root mean square
error (RMSE), the mean absolute error (meanAE), the
maximum absolute error (maxAE), and integral square
error (ISE).>*?7-3! Both the RMSE and the meanAE are
regularly employed in model evaluation studies and
they are often suggested as a good indicator of
performance.

In this study, we propose to use the RMSE metric,
where the error is computed between the actual and the
desired path for N sampling time size as

N 2
=yt ) 9

It can be seen from equation (3) that all the position
subsystems and the rotation subsystems have the same
mathematical structure. So, we propose to consider two
global objective functions during the optimization pro-

Ccess as
BA-based model-free fuzzy controller
In this part, we propose the BA to tune the parameters of J = Zie{x, yo i and  J. — ZiE{d), 0.}
. . e e - a5 R—— 5
the designed controller (25) against minimizing an ’ 3 3
Kip, Kyt 2
Kip, @ Q— “ﬁ
RMSE [+ J l
!
Generate new
Generate initial .°°WP”*E uf. Update it solution via the
Start b : objective function [ local search via [—
ats population P loudness
or each search random walk evalution
/l\ Done, Kjp, Kjj. Kip,
No Stopping Yes | «; are accepted
criteria as best
parameters
End

Figure 5. Flowchart of bat algorithm.
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Step 3. Use a local search (53) to define a new solution of
the controller parameters; else, shuffle the solutions actual
via equation (54).

Step 4. Select the best controller parameters p’*' €
{K:», K}, K}y, o } via equation (57). Repeat all the steps
until the stopping criterion is satisfied.

Based on these approximation steps, the BA process
applied for the quadrotor control can be summarized in
Figure 5.

Numerical simulation results

The effectiveness and the performances of the proposed
OMFFC were tested using a full template of Parrot Drone
support from MATLAB.*' This template considers all
modules of the real Mambo Parrot mini-drone including
trajectory generation, sensor fusion, and a nonlinear
model of the Parrot drone. The physical parameters of
this type of quadrotor as given by the manufacturer are
listed in Table 1. In order to highlight the efficiency of the
proposed flight controller, different cases were tested for
the quadrotor control. In the first case, there was
a comparison study between the optimal model-free
fuzzy controller (OMFFC), the model-free fuzzy con-
troller (MFFC), and PID controller without disturbances.
In the second case, the same controllers were tested for
another reference trajectory in the presence of step ex-
ternal disturbances. In the third and final case, the
simulation test is made for aggressive trajectory with
disturbances varying in frequency and amplitude. The
objective is to show the robustness of the proposed
controller against the nonlinearities of system and the
external disturbances effect. According to the control
algorithm, initially, the parameters K;p, K;p, K;;, and
a; have been optimized under the RMSE function J;
for i € {x, y, z, ¢, 6, y} in bounded search space
pbest e [prin pne] = [0.001,5]. Figure 6 shows the
evaluation of the best objective function values on the
iterations for the position and rotation subsystems,
showing that the convergence of the best objective
function to constant values is always achieved. The
parameters of the proposed controllers are given in
Table 2.

Table 1. Parameters of the quadrotor.

Case 1. Comparison study

In this case, the OMFFC is compared with MFFC and
PID controllers. The parameters of the latter two con-
trollers were selected by trial and error without any op-
timization tool. The desired trajectory of the quadrotor is
Ypa=0%and y,;=15m

0Om, <10 s
2m,10<¢<20 s 0m,t<15s
Yxa = 1m,20<t<255 s WVyd = 2m,15<t<255
0.5 m,25<¢t<35s 1 m,25 s<t
0 m,35 s<t
@
0.2845
£
< 0.284
S \
<
So.2835
|53
g \
2 0.283f
° \
=
50.2825|
= |
2 o.282}|
7] |
@ |
0.2815 L.,
0.281t o i ; T
0 20 40 60 80 100
Iterations
(b)
0.14
0.13f;
[o] |
= \
So.12f
5 \
;é 0.11 0\‘
=] |
5 01F |
= i
80.09F |
8 \
5 0.08F
5] \
o
0.07f
0.06 . . . .
20 40 60 80 100
Iterations

Figure 6. Best objective function versus iterations:
(a) rotation system; (b) position system.

Table 2. Gains for the tested controllers.

Parameters Value

I 0.068 x 1073 kgm?
I, 0.92 x 107> kgm®
I, 0.1366 x 1072 kgm?
Jr 6 x 107> kgm?

g 9.81 m/s?

] 0.065 m

m 0.068 kg

Controllers x, y z b, 0 17
OMFFC 0=0254 =018 a=0.094 o =0.085
ke = 0312 kp=2.16 kp=0.152 kp=0.247
k=0.115 Kk =1013 k =0.025 k =0.035
kD =0.097 kD = 1.958 kD =0.13 kD =0.012
MFFC a=0.3 o=0.1 o=0.l1 o=1
ke = 1.5 ke = 1.5 kp = 0.1 kp = 0.2
k =0.2 k=102 k=003 k =0.02
kp =1 kp =1 kp = 0.1 kp = 0.02
PID I(p =0.24 kp =1 kp =0.02 kp = 0.04
k = 0.1 k= 0.2 k,=0.01 Kk =0.0lI
kp = 0.1 kp =1 kp = 0.03 kp = 0.02

DOI : 10.1177/09544100211025379

OMFFC: optimal model-free fuzzy control; MFFC: model-free fuzzy
control; PID: proportional—integral-derivative.

11



Proceedings of the Institution of Mechanical Engineers, Part G: Journal of Aerospace Engineering 235/6 (2021)

2 1 0
164 "™
= —Reference
RE; 1 —OMFFC
—MFFC
0.5+ —PID
oL 2
1.5
1 X(m)

Figure 7. Quadrotor position response in 3D space (case ).
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Figure 8. Quadrotor attitude tracking response (case |). (a)
Roll (¢) subsystem response; (b) Pitch (6) subsystem response;
(c) Yaw () subsystem response.

The initial position and rotation values of the quadrotor
during this simulation case are chosen as [¢, 6o, Yol =
[0, 0, 0]° and [xo, Yo, zo] = [0, 0, 0] m.

The trajectory tracking performance in 3D space is
shown in Figure 7, where the position of the quadrotor
response is depicted. Figure 8 presents the attitude evo-
lution of the quadrotor during the simulation. The tran-
sients of the control inputs are shown in Figure 9 which
illustrates the smooth control signals without saturation.
The proposed controller provides always better trajectory
tracking compared with the others. The desired yaw tra-
jectory is 0 deg as plotted in Figure 8(c). The changes of
reference signals of the Cartesian positions x; and y,
between 10 and 15°s cause changes in orientation in the
roll and pitch angles. This variation provides an effect on
the yaw angle dynamics as we can see in Figure 8(c). This
is due to the interconnection effects of the yaw dynamics
(w) with the other UAV flight dynamics, especially with
the orientation subsystems roll (¢p) and pitch (6).

Case 2. Trajectory tracking performances under constant
external disturbances

In this case, the OMFFC is also compared with MFFC
and PID controller in presence of step external dis-
turbances defined as

d.(t) =0.2N,t>20s
d,(t) = 0.2N,t>25s
d.(t) =0.5N,t>5s

The desired trajectory of the quadrotor is made as y,,; =
0°,y.4=1.5°m, y,;=2(1 — c0s(0.2¢)), and y,, = sin(0.27).
The initial position and rotation values of the quadrotor
during this simulation case are the same of case 1. The
simulation results for this case are shown through

Z 1 Mk
<, 05f ]
S O L L L L L L L
0 5 10 15 20 25 30 35 40
. x10* Time (s)
E 2 : :
Z0
:':’ 2 I I I I I I I
0 5 10 15 _ 20 25 30 35 40
10 Time (s)
E of T T ]
Zo0
=-2r ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
0 5 10 15 20 25 30 35 40
. ><10-5 Time (S)
E [ T T ]
Z 3
5-5[ | | | | | | | 1
> 0 5 10 15 _ 20 25 30 35 40
Time (s)

Figure 9. The control inputs of optimal model-free fuzzy
control (case I).
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Figure 10. Quadrotor position response in 3D space
(case 2).
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Figure 1. Quadrotor attitude tracking response (case 2).
(@) Roll (¢p) subsystem response; (b) Pitch (6) subsystem
response; (c) Yaw (i) subsystem response.

Figures 10-12. Figure 10 gives a comparison of the
proposed controllers for the trajectory tracking in a 3D
space under external disturbances. The transients of the
attitude are shown in Figure 11. The pitch and roll angles
present high pitches and some minor oscillations caused
by the wind force effect. The stability is well preserved
even in presence of external disturbance. The OMFFC can
achieve better position trajectory tracking than the other
controllers. Figure 12 illustrates the control signals for the
OMFFC where we can notice that it follow the output
evolution.

Case 3. Trajectory tracking performances under varying
external disturbances

In this scenario, the vehicle is assumed to fly under
varying external disturbances (as shown in Figure 13)
simulating a real scenario where the wind speed is always
unpredictable. The disturbance’s shape was selected to
cover the most nonlinearities that can affect the quad-
rotor dynamics. The desired trajectory is defined as

4 (N.m)

u
ro

u, (N.m)
7
?

u,, (N.m)
o

0 5 10 15 _ 20 25 30 35 40
Time (s)

Figure 12. The control inputs of optimal model-free fuzzy
control (case 2).

—d,()—d () —d, 1]

0.4

Disturbance function (N)

0 5 10 15 20 25 30 35 40
Time (s)

Figure 13. External disturbances function.
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Figure 14. Quadrotor position response in 3D space (case 3).
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Figure 15. Quadrotor attitude tracking response (case 3).
(a) Roll (¢p) subsystem response; (b) Pitch (£) subsystem
response; (c) Yaw () subsystem response
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Figure 16. The control inputs of optimal model-free fuzzy
control (case 3).

Yxa = 2(1 — c0s(0.26))m, y,; = sin(0.4)m, y.; = 1.5 m,
and y; = 0°. Under the same initial conditions of cases 1
and 2, the simulation results are shown in Figures 14—16.
It can be seen from Figure 14 that the best trajectory
tracking is achieved again by the OMFFC compared to the
MFFC and PID controllers. We can note that the MFFC
algorithm provides a better trajectory tracking than the
PID controller. The transient of the attitude dynamics is
shown in Figure 15 where we can observe some oscil-
lations due to the wind force effect. The PID controller
shows a bad tracking performance compared to the other
controllers.

Summarizing the three cases, the control signals are
smooth and remain in the eligible region enough to
preserve the rotors in the Parrot drone. The proposed
OMFFC ensures the robustness against external aggres-
sive and unpredictable wind force conditions, and the
stability is preserved under complex maneuvers.

Conclusion

In this article, we propose a new robust optimal model-free
fuzzy control approach to investigate the tracking control
problem of a quadrotor under external disturbances. This
control approach is based on an adaptive estimator to
approximate the lumped unknown dynamics and external
disturbances of the quadrotor system. In order to deal with
the estimation error, a fuzzy logic compensator was in-
troduced. The optimal behavior of the designed control
scheme is achieved by tuning automatically its parameters
with a metaheuristic bat algorithm. The decentralized
control allowed to manage independently the position and
orientation dynamic subsystems which makes the control
architecture more simple and easy to implement in real
time. The new adaptive model-free fuzzy control structure
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has been implemented in the Parrot Drone support from
MATLAB/Simulink. Extensive simulation results ob-
tained have strongly demonstrated the effectiveness of the
proposed control approach. For future works, the pro-
posed approach will be validated experimentally in real
time using our ‘“Parrot Mambo mini-drone” platform
which is being instrumented with the various sensors.
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