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Abstract

This paper presents a robust adaptive nonlinear controller for a flying machine represented by a quadrotor UAV (Unmanned
Aerial Vehicle) in the presence of parasitic dynamics. A hybrid control strategy is used to steer the quadrotor behavior and
an online adaptive methodology is introduced to improve the robustness of the adopted control technique against unmodeled
dynamics. On the basis of the Newtonian formalism, the system model is formulated and decoupled into two subsystems,
a position and attitude subsystems. A new Adaptive Nonsingular Fast Terminal Sliding Mode Control (ANFTSMC) is
adopted to steer the quadrotor flight attitude, and a robust Backstepping Sliding Mode Control (BSMC) is used to manage
the quadrotor position, contributing fast-accurate tracking despite the impact of external disturbances. The design procedure
for both controllers is described thoroughly and the closed-loop stability is proved by means of the lyapunov theory. Multiple
flight tests were performed and comparison is done with the backstepping controller (BS), the integral sliding mode control
(ISMC), the second order sliding mode control (2-SMC) and the global fast terminal sliding mode control (GFTSMC).
Simulation results show marked improvements of the quadrotor behavior with enhanced convergence time, chattering-free
control efforts and strong robustness to the parasitic dynamics.

Keywords Quadrotor UAV - Unmodeled dynamics - ANFTSMC - BSMC - Chattering-free - BS - ISMC - 2-SMC -
GFTSMC

List of symbols d Drag constant
@, 0,y Roll, Pitch and yaw angles l Distance between the center of mass and the
X, ¥, 2 Cartesian positions which correspond respec- rotor axis
tively to the longitudinal, lateral, and vertical m Quadrotor mass
movements g Gravity acceleration
D, q,r Angular velocities in the body frame respec- J, Rotor inertia
tively around x, y and z axes U, Total thrust force
u, o, Linear velocities in the body frame along x, y U(p, Uy, UW Aeronautical roll, pitch and yaw torques
and z axes, respectively ; Angular velocity of rotori € {1,2,3,4}
J, Jy, J, Inertia moments
b Thrust factor

1 Introduction

< Hamid Hassani Quadrotor UAV belong to the class of underactuated fly-
hamid.hassani @usmba.ac.ma ing machine (UFM). By definition, UFM has a number of
degrees of freedom more than the number of control inputs
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and Technology, Sidi Mohamed Ben Abdellah University, since it can achieve six movements, including three rotations
Fez, Morocco and three translations, using only four independent motors.
2 Laboratory of Intelligent Systems, Geo-resources The recent technological developments in several research
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unmanned quadrotor. The stabilization of this kind of flying
robot can be achieved directly by varying the voltage of its
four rotors. Unfortunately, quadrotors suffer from several
drawbacks related to their mechanical structure. Besides of
the open-loop inherently unstable behavior, quadrotors suffer
also from the high coupling effects between their transla-
tional and rotational motions.

To meet the trajectory tracking requirements, a con-
trol technique is expectedly used to automatically manage
rotors speed in different flight scenarios. Several control
approaches have been developed for the control purpose
including linear and nonlinear control laws. Linear stabiliza-
tion techniques such as Proportional, Integral and Derivative
(PID) controller [2], Linear Quadratic Regulator (LQR) [3],
have taken more attention due to their simple mathematical
formulation and implementation. These methods have been
successfully tested theoretically and experimentally. To deal
with problems related to the controller configuration, some
authors present an intelligent particle swarm optimization to
tune correctly the PID controller gains [4]. Other works have
focused on the same subject ‘controller optimization’ using
gravitational search, cuckoo-search and genetic algorithm
[5-7]. It is worth to mention that the use of linear approaches
is commonly based on near-hover condition which is not
always applicable, since quadrotor flight will introduce large
deviations of the attitude system from the hover mode and
then these techniques cannot always ensure the stabilization
of the quadrotor system. Nonlinear strategies like sliding
mode control (SMC) [8] and backstepping technique (BS)
[9] can improve the performances of the quadrotor response,
and then obtain an enhanced behavior characterized by a
short response time, small steady state error and almost
neglected overshoot. Although the outstanding contributions
obtained using these methods, there are some disadvantages
associated with the presence of external disturbances, for
instance: the nonlinear BS design is based on the assumption
that the system model is known precisely, the same for the
SMC which shows an impressive robustness against external
disturbances but need a precise knowledge of the disturbance
upper bound. Practically, the quadrotor model is susceptible
to some dynamical uncertainties, also the upper limit of the
external disturbances is almost impossible to be identified
precisely [10]. Therefore, it is mandatory to use a robust
adaptive technique to steer the quadrotor behaviors.

One of the pervasive challenges in the quadrotor con-
trol design is the development of reliable flight controller
which can cancel the influence of exogenous perturbations.
A robust controller is a controller which offers, in addition
to the stability and the path tracking characteristics, the abil-
ity to perform robust tracking by canceling and rejecting
external perturbations. Generally, two principal method-
ologies are developed for the robust tracking purpose. The
first is based on the use of a Disturbance Observer (DO)
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to estimate the unknown dynamics and then suppress their
effects. While the second methodology introduces adaptive
strategy to tackle the impact of parasitic dynamics. In Ref.
[11] a nonlinear controller based on a sliding mode observer
is adopted to robustly follow the given path. Idem for Ref.
[12] where a sliding mode observer together with a cascade
continuous sliding mode controllers is used for path track-
ing mission in the presence of some unknown dynamics.
Another use of the nonlinear DO for the quadrotor attitude
control is presented in [13], the idea used in this paper is
to estimate the unknown disturbances, and then a robust
nonsingular sliding mode controller uses this estimation to
effectively reject the impact of external disturbances. Focus-
ing again on the attitude control, authors of Ref. [14] present
an adaptive technique based on second order sliding mode
control to manage the quadrotor behavior. Other strategies
based on the sliding mode technique for disturbances rejec-
tion have also been proposed in [15-18].

To increase the quadrotor response quality and the flight
stability, some authors have proposed an improved BS con-
troller [19], this method introduces a Proportional-Deriva-
tive (PD) controller to alleviate the influences of uncertain
parameters, contributing stable behavior and accurate track-
ing compared to the optimal BS approach. Another enhanced
BS-type, was introduced in [20] to confront the problem of
quadrotor control. An integral term is added to the conven-
tional BS controller and a saturation function is introduced
in order to alleviate rapidly the impact of external perturba-
tions, simulation and experimental results were better than
the conventional BS controller. The major limitation of these
works [19, 20] is that the upper limit of external disturbances
is assumed to be known in advance, which is almost impos-
sible to be verified practically. Adaptive control laws can
be a good solution to overcome drawbacks related to the
aforementioned methods, for example a nonlinear adaptive
methodology was adopted to manage the quadrotor behav-
ior in the presence of parameters uncertainties [21, 22].
Yet another use of the BS controller was presented in [23],
where a combination of this approach with the fast terminal
sliding mode control is adopted. An adaptive law was intro-
duced to estimate the gains of the switching manifold and a
smoothed switching function was adopted instead the sing
function, contributing fast accurate response compared to
the BS and Adaptive BS controllers.

The principal objective of this work is to develop a
robust-accurate controller for the quadrotor UAV with the
attempt of driving all the six degree of freedom (DOF) to
achieve their reference value rapidly. A new robust adaptive
nonsingular fast terminal sliding mode control ANFTSMC
is adopted to alleviate the influence of parameters uncertain-
ties and incoming disturbances to the quadrotor attitude, the
backstepping sliding mode control law (BSMC) is devel-
oped for the control of the quadrotor position, contributing
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fast robust following of the prescribed path. Compared with
previous works [24, 25] which assume that the exogenous
perturbations as well as the parameters uncertainties are
bounded and known in advance, in this paper an adaptive
methodology is introduced to estimate the value of the dis-
turbances upper limit and then the requirement of distur-
bances previous knowledge is exceeded. Compared with
the second order sliding mode control [26], the global fast
terminal sliding mode control (GFTSMC) [27], the integral
sliding mode control (ISMC) [28, 29] and the BS technique
[9, 30, 31], the proposed method has faster and accurate
tracking of the planned trajectory. The chattering problem
in the conventional SMC and the singularity problem in the
TSMC [32] are solved by the offered method.

The rest of this paper is structured as follows: The quad-
rotor mathematical model and the problem statement are dis-
cussed in the second section. The mathematical formulation
of the position and attitude controllers as well as the stability
analysis are investigated in the third section. Section four
concerns the controller implementation and the flight test
assessments. Final section concludes this paper and provides
some future direction of this study.

2 Quadrotor model
2.1 General description

An unmanned quadrotor is an under-triggered aerial robot
which can perform 6 motions (three translations and three
rotations) with only four rotors. To nullify the yaw torque,
quadrotor is equipped with two pair’s propeller-rotor oppo-
site rotating as shown in Fig. 1. Quadrotor motions are
controlled directly by varying the rotation speed of the
propeller-rotor system. The rotation around x-axis named
Roll motion is screamed by inversely changing the speed of
the second and fourth propeller-rotor, while the conversely

W o
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E;‘~$¢”Ex Z \ilffh
E -Frame

Fig. 1 Quadrotor configuration

variation of the first and third propeller-rotor speed pro-
duces what we call pitch motion. Yaw movement, rotation
around z-axis, is produced when the quadrotor total torque
is changed.

The quadrotor system is modeled based on following
assumptions [3, 9, 20]:

1. The quadrotor mass distribution is symmetrical.
Propellers are rigid.

3. The quadrotor propulsion system (propellers-rotors) pro-
duces thrust and drag forces proportional to the square
of the rotor speed.

4. The total lifting force U, is always positive and the quad-
rotor system doesn’t flip in the expected flight missions.

Roll and Pitch angles: —% <@,0< %
Yaw angle: —7 <y <7
Thrust force: U; > 0

5. Quadrotor angular movements are assumed to be small,
which means that the angular velocities % and Euler
angles time derivative are similar 7 ~ 05,

For better readability, the sin(x) and cos(x) function are
noted respectively S, and C,.

Many research works have modeled the quadrotor system
using the Newtonian [9, 33] and Lagrangian [34] formal-
isms. For both techniques, quadrotor UAV is considered as
an underactuated complex system. In this work, the position
and attitude equations of movement are formulated using
the Newton—Euler methodology. Two frames are defined as
shown in Fig. 1, the body frame (B,, B,, B,, B_) and the earth
frame (Eo, E, Ey, EZ). Two coordinate systems are defined,
the quadrotor position coordinates ¢ = (x, y,z) € R?and the
quadrotor attitude coordinates known more by Euler angles
n = (@,0,y) € R3, where @ is the Roll angle denoting the
rotation around x-axis, 6 is the Pitch angle defining the rota-
tion around y-axis and y is the Yaw angle denoting the rota-
tion around z-axis.

Kinematic studies define the relation existing between
variables expressed in E-frame and the B-frame. The trans-
lational kinematic of the quadrotor system is defined by the
following equation:

VE = RE )

where vE = (&, 7,2)” € R?define the linear velocities in the
fixed frame, v® = (11, b, w)” € R3 is the linear velocities in
the body frame. Rg Symbolizes the rotation matrix from the
body frame (B-frame) to the earth frame (E-frame).

CoC, S,59C, — C,S, CySoC, +5,8,
CoSyy 54568, +C,C,y CySyS, = S,C, ®)
_S{) S(pCB C(pCH

Ry =
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The rotational kinematic between the angular velocities
expressed in B-frame and angular velocities expressed in
E-frame is obtained by means of the transfer matrix Zﬁ

o = Tin 3)

where O = (p, ¢, )" € R3correspond to the angular veloci-
ties in the body frame, 7 defines the Euler angles derivative
and Z‘g is the transfer matrix defined as:

10 -5,
;=|0C, GC,S, )
0 =S, C,Cy

2.2 Quadrotor modeling

Using the Newtonian methodology to compute the position
and attitude equations of motions.
The position dynamic can be expressed as follows:

mf:Z}'

0 0 D,
=—mg| 0 |+ Rg 0 +1 9,
1 b(a)%+a)§+co§+a)i) D,

)

where m is the vehicle mass, and b is the thrust factor. C is
the translational acceleration. ) F defines the forces acting
on the quadrotor system due to the gravity, the propellers
rotation and the external disturbances. w; corresponds to the
angular velocity of rotor i € {1,2,3,4}.

F, = bwi2 corresponds to the lift force produced by
the propeller-rotor i € {1,2,3,4}. The total lifting force
screamed by the four propulsion systems (propellers-rotors)
is symbolized by U, = b(w? + 02 + @? + ?). However,
increasing (resp. decreasing) the rotors speeds will increase
(resp. decrease) the magnitude of U,. Furthermore if the
magnitude of U, is superior than the mass force (meg), a
vertical upward movement will be created. In the other hand
if the magnitude of U, is less than the mass force (meg), a
downward movement will be screamed. If U, is equal to the
mass force (U; = m.g ), the hovering flight mode will be
obtained. From this, we can consider U, as an input com-
mand that can steer the quadrotor vertical displacement.

Based on Eq. 5, the accelerations of the quadrotor trans-
lational motions are obtained as:

?(C(psgcw +5,5,) +9D,
,T;(CwSHSW - S(ﬂcw) +9, ©)
% (C,Co) —g+D.

The quadrotor rotational equations of movements based
on the Newton—Euler formalism can be writing as:
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Jﬁ+’7A(J77)=Mpm_MGym+M® (7)

where J = diag(J,,J,,J.) is the quadrotor inertia matrix.
ij is the quadrotor rotational acceleration. # A (J7) presents
the gyroscopic effect due to the body rotation. M,,, is the
moment produced by the propeller’s rotation. M, is the
gyroscopic effect due to the change in the orientation of
propellers. Mg is the moment of external disturbances.

The gyroscopic effect M;,,,, and the aeronautical propel-

lers moments M, are given by:

. 0 .
¢ 0 0

Mg, =16 |AT] A =J,0| —¢ ®)
W > )M, 0

i=1

with @ = w, + Wy — 0| — ws.

Uq, bf(a)g - (og)
M,,, = Uy | =| bt (o5 - o) ©)
Ul,, d(a)§+a)i—a)%—a)§)

where J,., w; and ¢ are respectively the rotor inertia, the rotor
speed and the distance between the center of mass and the
rotor axis. d denotes the drag constant.

Then, the rotational equations of motions are as follows:

Ny 9’&/(—1"_JZ> ~Lop+ 24D,
4 N G
ii= 0 |= (pl[/( :J),X>+J_:(pa~)+f_f+®9 (10)

YA U,
(p@(—JZ >+ 7 +9,

where U ,, Uy and U, are respectively the aeronautical Roll,
Pitch and Yaw torques generated by the four propellers-
rotors system. @w, D, and @W are the incoming external
disturbances torques acting respectively around x, y and z
axes.

2.3 Controller modeling

Generally, the quadrotor dynamic is a second-order under-
actuated nonlinear system which can be expressed by the
following generic system:

X=FX) +GX). U+ D. (11)

Wlthx = {xl' X2,X3,X4, X5, X6, X7, Xg, X9, X10, X11, x12} define
the state variables given by {(p, @,0,0, W, X, 5,9, 9,2, Z},
F and G are two nonlinear function defining the quadrotor
dynamics.U Corresponds to the quadrotor control inputs.
D= {i‘)(p, Dy, i‘)u,@x, i‘)y, @Z} represent the external
perturbations.

Based on (6) and (10) the system model of the aerial vehi-
cle can be rewriting in the state space as follows:
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561 =Xy
X, = P1oXs X — 92<px4a) + p3(pU<p +©<p
X'3 = x4

X4 = P19X2Xe T P29X2 ® + p3gUg+ Dy
J.C'S = x6
566 = plwxz x4 + pzlpU-lp + Dlp

{ % =X (12)
ity = 2 (Coy S, Cg + SxySs) + Do
X9 = X190

. U
%10 = 2 (Cay Sy S = S O ) + Dy
X1 = X12

. U
X12 = Zl(cxlc)%) -9 + CDz

where
— (]y_]z) 0 — Jr 0 — 1 P1g = Uz=Jx)
R4 Je TR T R80T g0 P16 Iy
_Jr _ 1 _ Ux=1y) _ 1
P20 ]y:93e Ty’ P1y 7 » P2y PR

The main objective of this works is to design an accu-
rate controller, which can guarantee the stability, tracking
and above all robustness against external disturbances.
The controller will produce the adequate inputs command
(U1, U,, Uy and U,, ) to effectively accomplish the expected
flight. Where U, control the vertical movement, U, and U,
drive the quadrotor to turn left and right. U,, makes the quad-
rotor rotates around its z-axis. However, the flight controller
has to manage six motions using only four input commands.
For the sake of simplicity, two virtual controls are intro-
duced and defined as follows:

Ul

V.= — (C.,S:,C, +5,,5y,) (13)
Ul

v, = — (€SS, —5,,C..) (14)

V., and V are the intermediate control signals able to make
the quadrotor system move forward and back in the hori-
zontal plane.

The position { = (x,y, z) and the heading angle y are cho-
sen to be the quadrotor input trajectory, therefore the value
of these variables are configured directly by the drone user.
Whereas the intermediate control signals (Vx, Vy) indirectly
update the desired values of pitch (6,) and roll (@, ) angles.
Therefore, the values of these angles ((pd, Hd) are obtained
as solutions of the system formed by Egs. (13) and (14) and
can be computed as follows:

VXCXS/ + VVSXH
0, = arctan <V—> (15)
Z
VXSXSLI B VyCXSd
¢, = arctan( C,. — v (16)
z
with
U
V.= ;l(cxl C,.) (17)

Equations (15), (16) and (17) can be seen as a nonlinear
decoupling system which can extract the desired roll and
pitch angles (@, 6,/) from the virtual control signals (V,, V. ).

The proposed control strategy aims to guarantee the
finite-time convergence of all the state variables, the accurate
tracking of the planned path and the robustness against time
varying external disturbances and parameters uncertainties.

3 Controller design

In order to perform accurate and robust tracking of a pre-
defined path, the control strategy proposed in this work is
based on a hierarchical control law comprising two sub-con-
trollers as shown in Fig. 2, an attitude controller, and a posi-
tion controller. The key idea behind this subdivision is that
the position controller will steer the vertical and horizontal
displacements by generating the adequate thrust force U,
and the required virtual control signals (Vx, Vy), these later
will be transformed via the nonlinear decoupling system
Eq. (15), (16) and (17) into a desired roll and pitch angles.
Then the attitude controller takes this information and man-
ages the quadrotor orientation by generation the required
rolling, pitching, and yawing torques (U o Up and Uu/)' From
the present analysis we can see that the vertical displace-
ment, the roll, the pitch, and the yaw angles are controlled
directly using the control signals (U, U, U, and U, ),
whereas the quadrotor position (x, y) is indirectly controlled
using the roll and pitch rotations.

A new robust Adaptive Nonsingular Fast terminal Slid-
ing Mode Control (ANFTSMC) is adopted for the quadrotor
attitude to achieve two principal objectives: ensuring the
stability of the quadrotor system and exceeding the neces-
sity of the disturbance upper bound previous knowledge,
since the self-tuning ability enable the controller to estimate
the disturbances upper bound. The backstepping control law
is incorporated with the sliding mode approach and used
for the control of the quadrotor position, this method is a
recursive control design approach which uses the Lyapunov
theory to ensure the system stability.
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Quadrotor
UAV
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i Dynamic X11
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—lp' 7 sub-controller » 12
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I._._._._._._A. ____________ I
e o o ————————— - - o
Fig.2 Flowchart of the proposed control strategy
3.1 Quadrotor attitude controller — 5 12
Q & = arp + ayplen| + azy ey (20)

The nonlinear-unstable behaviors of the quadrotor system
as well as their fast attitude dynamics impose obligatory
requirements on the attitude flight controller. Furthermore,
the lateral and longitudinal movements can be controlled
by managing accurately the roll and pitch rotations, which
reflects the importance of the attitude controller. A new
robust ANFTSMC is adopted to solve the singularity, the
chattering and the finite time convergence limitations pro-
voked by the TSMC and CSMC. Generally, the stability and
robustness of all sliding mode control types are conditioned
by the disturbances upper limit. In order to ensure the sta-
bility and the robustness of the quadrotor system using the
TSMC and CSMC, a total knowledge of the disturbances
upper bound is required [35]. In this paper, an online adap-
tive law is added to estimate the upper limit of the exogenous
perturbations in such way that the previous knowledge of the
parasitic dynamics become unnecessary.

The quadrotor attitude dynamics can be represented in the
state space as follows:

J'CZ P1oXs X6 — 92<px4a) + 93¢U(p D(p

<5f4> =| P1gXaXe + P2gX2 ® + p3gUg |+ | Do

X6 P1ypXa Xa + PaypUy Dy
(13)

where 9, correspond to the external torques acting on the
quadrotor system:

|| < &5 (19)

&, represent the disturbances upper bound, it is given as [36]:
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e,(h=¢,0,y) and é,(h = ¢,0,y) are respectively the
position and velocity tracking errors related to the attitude
motion. Their expressions are as follows:

€, Pq— X €, g =%
eg |=|0s—x35 [ | & [=|0i—x 2D
ew Wd - x5 ew Wd - x6

3.1.1 NFTSMC for the quadrotor attitude

The traditional sliding surface based on the tracking error
can be represented as follows:

s = Key, + ¢, (22)

where K is a positive constant.

Suppose that 7, is the time when the system reaches the
sliding surface (s = 0) and ¢, + ¢, is the time when the system
achieves the final states (e, (7, + ,) = 0).

The time ¢, spent by the system when moving from the
reaching phase s = 0 to the final state is obtained by integrat-
ing Eq. (22) between moments ¢, and ¢, + ¢,.

1
t, = ?(ln(eh(t,) — In(e, (1, + 1)) (23)
Known that the terminal states is characterized by zero error
(eh (t, +1,) = 0), we can directly discover that the traditional
sliding mode control cannot converges to the final states in
finite time (ts - oo).
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In order to speed up the convergence especially when the
system state is so far from the equilibrium, a fast terminal
sliding surface (FTSS) is designed as [37, 38]:

Shim(@ow) = n + Wen + Bysig(en) (%) (24)

With @, and p,, are positive constant, p, and g, are a

positiv?,h d inte grj satisfying the condition p, < g,
sig(en) i/ = |ey|\n /sign(e,) with sign is the sign
function.

Remark 1 when the system state reach the sliding surface
(§h = 0), Eq. (24) becomes:

&, = —aye; — ﬁh|eh|<z_:>sign(eh) (25

Clearly, the subitem a,e, plays a dominant role when
the sta(tgs is far from the equilibrium, whereas the subitem
Brlex % 51gn eh domlnates when the state is close to the
origin. Thereby, the FTSS can guarantee the fast conver-
gence either the system is far away or near to the sliding
surface.

Theorem 1 Using the sliding surface (24), the finite time
convergence is guarantee.

Proof To demonstrate theorem 1, suppose that the system
states reach the sliding surface, then 5, = 5, = 0.

Furthermore, Eq. (24) becomes:

ép = —ape, — ﬂh|eh|<z_:>sign(eh) (26)

Consider 7, the time from the initial state error e, (f))#0 to
e (t,) = 0. The integration of (26) is calculated as

eh(ls) Iy

/‘ deh — — f dt 27)
@(0) —ge), - ﬁhleh|("”>”g"(eh) K
Then,

1=t
| |eh(t0)’( qh)+ﬂ
= In 28)
w(1-5) "

Therefore, the attainability of the sliding manifold in a finite-
time is ensured.
The derivative of the sliding surface is given by:

§y =y + (ah + ﬂh?sig(eh)wf':h >>éh 29)

h

ohzan
Obviously, the term sig(eh)( an )will produces singularity
ph=an

when e, =0, i.e. lim sig(eh)< a ) - oo.
e,—0

In order to preserve the merit of the FTSS (Eq. 24) and
to avoid the singularity problem, a nonsingular fast terminal
sliding surface (NFTSS) is selected and designed as:

op = &y + aye, + By, (ep) (30)
with

(e =4 i) S s =005, 20 >,
liep + lzsig(eh)z if 5p# 0, [ey| <Dp

(31
where

The constants (,,1,) in Eq. (31) are defined as follows:

-2
h

= <’ﬁ-1> o) (34)
qn

The first-time derivative of the NFTSS o, is given by:

with

Pnh—4n
w,(ep) = { o len |( ey i 5= 00r5, %0, len| > on
lleh + 2L ey én if 5, #0,|en| < op
(36)
The (% larity problem appears in the subitem
sig(e,)\ = / when e, = 0 is solved using the proposed
sliding surface (30).
Based on (35) the NFTSS time derivative for the attitude
subsystem become:

é-(p éw + a(pé(o + ﬂww(ﬂ(eql)
69 | = &+ agey + Byt (ey) 37
Oy éy +a, e, +p,w, (ew)

Therefore,
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Op = Pg — P1oXa Xo + P2pXs® —
apep + B¢w<p(e<p)

P3oUp + Dy +

Gp = 04 — P1oXaXe — P20%2 ® — P3gUg+Dp+

agég + Bowg(eg) (38)

Byy(ey)
In order to cancel the parasitic dynamics and to improve
the system resistance against exogenous perturbations influ-

ence, a constant plus proportional reaching law (CPPRL) is
adopted [39].

where v, is a non-zero positive constant, the gain &, repre-
sents the disturbance upper bound is chosen as [36].

&p = ayy, + agyley| + a3h|éh|2 (40)

where a;,,, a;, and a,; are positive constants.
Using (38), (39) and (40) the attitude control equations
are obtained as:

[ Pq — P1pXs Xg + 4[-)24)754‘:'3 + a(pé(p
U, = — +ﬁ<pw<p(e<p) V0, + 41)

(a1 + azple,| + a3<p|e'<p|2)tanh(0(p)

[ éd — P19X2Xe — PagXy ® + agéy
+Bowe () + vooy + (42)
[ (a1 + azpleq| + azglégl®)tanh(oy)

l/)d - Qlwxz Xg + awew + ,wazp(ew)

Uu., = QL +V¢O'w + (43)
2y .12
(ap + azyley| +asyley|”) tanh(oy)

Compared to the exponential reaching law which involve
a discontinuous switching function, the adopted CPPRL is
based on a continuous finite-time function that improve the
reaching time and avoid the chattering phenomenon.

Theorem 2 Considering the quadrotor attitude (18) and
the NFTSS (30), if the control equations are designed as
(41), (42) and (43) then the finite time zeroing of the attitude
tracking error is guaranteed.

Proof Consider the lyapunov function for the roll rotation:
v, =152
= 5% (a4)

The derivative of V is,
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V(P = O—wd—(p = U(p ((pd - pl(px4 x6 + pz¢x4(1') -

Dy +apey + ﬁw‘%(etp))

p3¢,Uq, +

(45)
Inserting Eq. (41) into (45), we get,

. 2
V,=o0, <—V¢6(ﬂ +9D, - (“1(,; + aZw‘ew) +a3¢|é(p| )tanh(a(p))
(46)

Therefore,
. 2 . 2
V¢=—V¢6w+®¢6(p— a1w+a2q)’e(p|+a3q)’e¢| |6(/)‘
2 P
S_ch%'i"@wHGw’_ a1¢+a2(p|ew'+a3w|ew‘ ‘aw‘

<= vy2 4 (0] = (0 asfeo| #asfea|) ) o
@7
Using Eq. (19) we have,

V, <0 (48)

Based on the lyapunov criteria, the stability of the roll
movement is guarantee. In a similar way, the stability of
the pitch (0) and the yaw (y) rotations is guarantee by the
proposed method.

3.1.2 ANFTSMC for the quadrotor attitude

Quadrotor attitude is generally affected by the unstructured
dynamics such as high coupling, nonlinearity, exogenous
perturbations and parameters uncertainties. Moreover, the
disturbance upper limit is not known previously and change
in function of the disturbance type. An adaptive control law
is used her to estimate the value of the disturbance upper
bound.

The quadrotor attitude control equations based on the
Adaptive NFTSMC are given as:

_ 1 Pa — P1pXa Xg T P2pXs® + ayé, 49
? " 03p | +B,5,(ey) + V0, + Eytanh(o,) (49)
_ 1 B4 — P19X2X6 — ProXy @ + a’eée] (50)
7 030 | +Byarg (eg) + oo + Egtanh(ay)
U, =+ [lpd = PayXa Xa + ayy + Byty(ey) 1)
L +vy0y + &ytanh(oy)

where éh, h = (@,0,y) is the estimate of the disturbance
upper limit. The expression of fh,h = (¢,0,y) can be
defined as follows:
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. 2
f ot | | +a*<ﬂ| | ay, = I'plom]

o =dpt 29|‘39|+a39|39| ; a2h_r2h|eh||‘7h|
R 2

v =y g le,| +a,le, [ B0 = iples|[o]

(52)
I'i,, I, and I3, are small positive constants.

The proposed ANFTSMC synoptic scheme for the quad-
rotor attitude is illustrated in Fig. 3. The control design start
by defining the NFTSS (Eq. 30) based on the tracking error,
then the estimation of the controller gains is performed using
the proposed adaptive control law (52), and finally the whole
control equations are extracted and used to steer the quadro-
tor attitude. It should be noted that the proposed ANFTSMC
can be used for other systems not only the quadrotor UAV.

Theorem 3 Consider the quadrotor attitude (18) and the
NFTSS (30), if the control equations are designed as (49),
(50) and (51), and the adaptive control law is selected as
(52), then the finite time zeroing of the attitude tracking error
is guaranteed.

Proof Considering the roll motion and choosing the lyapu-
nov candidate function as:

2 2 2
1 alq) a2(p a3(p

V=clol+ —+— + — (53)
2|° r, oL, I,

With a,, = a;, — &, is the adaptation error and &; is the esti-

mate of a;. Generally, the change of the exogenous perturba-
tions and the parameters uncertainties are slow, therefore
a;p = 0.

Tacking the derivative of V and replacing the control
torque U, by their expression we obtain:

2
;o 2 | A ~ ~ |
V==v,0, +9,0, <a1¢+a2¢’e¢‘ +a3¢’e(p’ >‘d¢|
I, r,, I3,
(54
Then,

. 2 - &1
2 ; ¢
V== VO, + @waq, - <“1w +a20,|ew| +a3q,|ew| )'o’w) + alw<)6w| - _Fl >
@
- &z(p — 1?2 élB(p
+ a2w<’ewHaw - E) + “w()ewl ‘a(o - E)

Using Eq. (52), we obtain,

. 2
V=g ([9] = (i asfeo| +asofe] ) o

<0

(55)

(56)

Based on the Lyapunov stability condition, the stability of
the roll rotation is guarantee. Following the same demon-
stration, we can see that the quadrotor attitude stability is
guarantee using the proposed ANFTSMC.

3.2 Quadrotor position controller

The key idea of the backstepping (BS) approach is to sub-
divide the full control design into a set of sub-controllers
identified recursively. This technique entails two steps, in
the first one the tracking error and its derivative are defined
then the first lyapunov function is selected and a virtual

Fl h I‘2 h I35

Adaption Laws

(Eq. 52)
|
.21;1 “27h K ;h
/ V4 /
/ / /

d
. e
hq dt NFTSM _surface
g e (Eq. 30)
Pr» qn Ay, ﬁh

Quadrotor

/ / /
/  ANFTSMC
/ / /
(Eq. 49) (Eq. 30), (Eq.51)

Attitude

| 4 >

Fig.3 Proposed ANFTSMC block diagram
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input is added to ensure the convergence of the error vector.
Afterwards, the tracking error related to the aforementioned
virtual control, and the augmented lyapunov function are
defined, finally the control law is extracted in such way that
the lyapunov function be positive definite and its derivative
be negative. In order to improve the robustness of the BS
controller, a switching law is used to compensate the influ-
ence of parasitic dynamics and parameter uncertainties.

The quadrotor position tracking error and its time deriva-
tive are designed as follows:

e .xd
€y, =Yq—Xg ;
€; =2

—X7 €x =Xg —Xg

e, =Yg =Xy (57)
e, =Z;—Xp

The 1st Lyapunov functions and its derivative are
designed as:

_ 12 : . .
VX_ %e/; szexexzex(xd_xfi)
Vy= %ey ) Vy =ee,=¢y (yd - xlO) (58)
Vz = Eeg Vz =€ = ez(Zd —X12

Defining the sliding surface for the quadrotor position:
Xg

y =X —Pyleo_Yd_Kyley (59)
*is .

Px-py and p_ are virtual inputs added to stabilize the tracking
error eey and e. K, K, and K, are positive constants.

The second lyapunov functions for the quadrotor transla-
tional subsystem are defined as:

Ve, e +52

)
Viy 1/ 2 ey +5) (60)
V. eZ + Sf

Taking the derivative of (60) we get:

Ve =—e. (S, +Ke,) +S(V, — %+ Ky (S, +Kpe,))
= _e.\'(S.v +Kye, )+ Sv( = Ja+ Ky (S.v + K)'le,v))

. U,
V,=—e(S, +K,e,) +SZ<Z<CX1 Coy) =82+ Ka (S, +Kzlez)>
(61)

Based on Eq. (61), the equivalent control equations for
the quadrotor position are obtained as:

Vig =€+ 3%, — K (S, + K e

Vieg = €, +yd K, (S, +K,e

Uleq

Jox
S

y v2

(e + Zd +8— Kzl (Sz zle ) ZZSZ)

(62)

CC
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where K, K|, and K, are positive constants.
The quadrotor position switching control are designed
as follows:

szw = _éxSign<SX)
Vigw = =€ sign(S ) (63)

lew = Cxl Cm 5 Slgn(S )

Hence, the quadrotor position control equations based on

the BSMC control law are given by:
VX = Vxeq + VXSW
(64)
=e, + 3%, — K, (S, + K, e,) — KoS, — Esign(S,)

Vy=Vieg T Vi 65)
Ky (Sy +K,

=e, + ¥, — ey) - KﬂS» - %,sign(Sy)

Ul = Uleq + Ul.\'w

= ~C C (ez+2d+g—KZ,(SZ+KZ_IeZ)

XT3

- KZZSZ - §ZSign(Sz))
(66)

Theorem 4 Using the obtained control Egs. (64), (65) and
(66) the quadrotor position is stable.

Proof In order to demonstrate the stability of the quadrotor
position, we consider the full lyapunov function for the posi-
tion subsystem defined as:

V= Vxx+vyy+vzz (67)
v=l@+a)+ N2 +s)+ L@+ 68
_2 ex X 2 ey y 2 ez z ( )

Tacking the derivative of V we get,
V=V, +V,+V, (69)

Based on (61), (64), (65) and (66) the time derivative of V
becomes:

V== Z (Kmep, + KnaSj + [ S]) <0 (70)

h=x,y,z

Thereby, the stability of the position subsystem is ensured.

To reduce the inherently chattering phenomenon resulting
from the use of sign function, the latter is replaced with a
hyperbolic tangent function.

In order to get high performance during the flight, con-
troller parameters must be selected carefully. In this paper,
Ant Colony Optimization algorithm (ACO) is used to con-
figure the proposed BSMC-ANFTSMC controller. The key
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idea of this approach is to design a cost function based on
the tracking error, then the ACO algorithm will search for
the minimum of this function, this minimum corresponds to
the controller parameters optimal values. Obviously, the cost
function should be designed to obtain rapid tracking of the
desired path but while ignoring the problem of overshoot.
Many performance criteria have been adopted in literature
such as Integral Square Error (ISE), Integral Time Square
Error (ITSE), Integral Absolute Error (IAE), and Integral
Time Absolute Error (ITAE). Among them, ISE has been
proved to give superior results with acceptable rise time and
reduced overshoot, in order to reduce more the problem of
overshoot the cost function adopted in this work combines
the ISE performance index and the maximum of overshoot.
Please see Ref. [9] for an in-depth understanding.

4 Controller implementation

The quadrotor model defined by Eq. (12) is implemented in
MATLAB-Simulink tool using a machine Intel core i7 pro-
cessor with 8 GB of RAM. The configuration of the minia-
ture quadrotor considered in this work is listed in Table 1. It
should be noted that quadrotor linear and angular velocities/
accelerations are supposed to be measurable by on-board
sensors. Furthermore, the quadrotor orientation are assumed
to be obtained via an inertial measurement unit.

The optimal value of the proposed controller allowing
the best compromise in the flight performance are shown
in Table 2

Tow flight tests were performed to check the accuracy of
the suggested control method.

e The first test concerns the problem of path tracking mis-
sion while the quadrotor is not affected by unmodeled
dynamic, a square path is adopted as a reference trajec-
tory.

e The second test is conducted to demonstrate the ability of
the proposed BSMC_ANFTSMC controller to compen-

Table 1 Quadcopter parameters

Parameters Value Units
m 0.5 Kg
J.=J, 0.00485 Kg m?
J, 0.00881 Kg m?
£ 0.24 m

b 2.92x107° N s?

d 1.12x1077 N m s?
J, 6x107° Kg m?
g 9.81 ms~2

Table 2 Controllers’ configuration

Parameters Value Parameters Value
Po=Ps=Py 3 K, =K, 5.9594
9o =40 =y 5 K 20

0p =09 =0, 0.05 K, =K, 0.1642
Vo =Vg =V, 3 K, 1

a, =0y =a, 20.222 & =g, 4.5

B, =By =0, 3.9755 & 10

Iy, =Ty 0.1 I 107

sate the influence of time varying external disturbances
and parameters uncertainties.

In order to illustrate the efficiency of our method, com-
parison is done with the second order sliding mode control,
the global fast terminal sliding mode control, the robust inte-
gral sliding mode control (ISMC) and the nonlinear back-
stepping technique.

4.1 Simulation results of the first flight test

In this flight scenario the accuracy of the proposed control-
ler trajectory tracking is tested. The reference trajectory is a
square path and the initial conditions of the quadrotor state
variables is selected to be as:

{x0- 12 1> 0w} = {0,0,0,0,0,0} 1)

The flight test results using the proposed method are
shown in Figs. 4, 5, 6, 7, 8, 9, 10. The quadrotor position
and attitude tracking for the square path are illustrated in
Figs. 4 and 5. It can be observed that the quadrotor state var-
iables {w, x, y, z} reach their reference values quickly. Also,
the generated roll and pitch rotations are stabilized to zero
after each lateral and longitudinal movements. Indeed, the
proposed method has precisely controlled the position and
orientation of the quadrotor UAV while effectively maintain-
ing the state variables {@, 0, v, x,y, z} even if their desired
value is suddenly changed. Furthermore, the tracking error
zeroing is achieved rapidly as shown in Fig. 6, by compar-
ing the resulting tracking error with the others investigated
method (ISMC and BS) it can be verified that the suggested
BSMC-ANFTSMC is the most accurate.

Figures 7 and 8 depict respectively the control effort and
torques for the quadrotor system, more specifically, the total
lifting force, the rolling, pitching and the yawing torques, it
can be seen that these signals significantly converge to their
equilibrium values (4.905, 0, 0, 0) which confirm the stable
behaviors of the quadrotor UAV.

Compared with the previous work presented in
[40-42],where the stabilization of the quadrotor is obtained
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Fig.4 Position trajectory tracking

by invoking large values of the control torques (roll-
ing, pitching and yawing torques), the proposed BSMC-
ANFTSMC ensures the tracking of the prescribed trajec-
tory with reduced values of the input commands, physically
realizable, which means flight more stable.

The estimations of the attitude control parameters are
displayed in Fig. 9. It can be seen that these values change
depending to the flight nature which means good and accu-
rate adaptability with the flight scenario. Actually, whenever
the reference path changes the controller parameters change
in such way to make the quadrotor response more accurate.
The 3D representation and the projection of the trajectory
tracking in the x—y plane are shown in Fig. 10. As seen, the
exactitude of our new control algorithm is better, since the
trajectory traced by the quadrotor UAV perfectly coincides
with the programmed path.

As seen in the flight results the proposed controller leads
to good response also the chattering phenomena is solved.
Compared to the ISMC and the BS techniques, the sug-
gested method is more accurate and more robust. In con-
trast, the responses of both the ISMC and the BS methods
are influenced when the reference path is suddenly changed.
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Fig.5 Attitude trajectory tracking

Furthermore, the ISMC response time is better than the BS
method as illustrated in Fig. 4, this latter has the slowest
convergence time, and moreover it introduces large values of
the input commands to maintain the stability of the quadro-
tor behaviors. Even though a smoothed switching manifold
is used for the ISMC instead the sign function, this method
cannot eschew the high frequency oscillations and the chat-
tering problem still appearing in the quadrotor responses.
Compared to the BS and ISMC methods, our new control
algorithm has the smoothed-accurate tracking of the planned
path with the lowest margin of generated control efforts,
which means flight more stable.

4.2 Simulation results of the second flight test

The robustness against disturbances in the presence of model
uncertainties is critical for autonomous quadrotor because
the aerodynamic influence, the inertia matrix and the quad-
rotor mass are extremely hard to be identified precisely. To
check the effectiveness of the suggested method against
model parameters uncertainties, the present flight test con-
siders the quadrotor mass and matrix of inertia with +30% of
uncertainties [43]. The desired trajectory used in this simula-
tion is a set of several stretches configured as follows:
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Fig.8 Control torques
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The initial conditions of the quadrotor state variables are

chosen as:

{x:. 1.2 91, 0w} = {—0.2,-0.2,0,0,0,0}

(76)

In order to test the robustness of the proposed technique and
to verify that the quadrotor state variables can convergence
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Fig. 9 Attitude controllers adaptive gains
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to their reference values in an acceptable convergence time,
cyclical external perturbations are selected as:

D, =9y =9, = 1.5cos (x1) rad/s? (77)

D, =D, =D, =0.01cos (n1) m/s> (78)

The results of path tracking under cyclical disturbances and
parameters uncertainties are illustrated in Figs. 11, 12, 13,
14, 15. As seen in Fig. 12, the quadrotor orientations are
quickly zeroed after each lateral and longitudinal movements
this implies flight stable with high precision tracking of the
attitude commands. This prove that, the suggested control-
ler can compensate the influence of parameters uncertain-
ties. Furthermore, the magnitude of the quadrotor attitude,
Euler angles, is small enough to be practically feasible and
coincide well with the reality of the quadrotor flight. The
quadrotor positions are also stabilized and maintained to
their reference values quickly as shown in Fig. 11. Besides,
despite the abruptly changed of the reference signals, the
offered technique can effectively manage the quadrotor posi-
tion and attitude to achieve their desired state in finite-time.

Compared to the 2-SMC and the GFTSMC, the offered
technique can compensate the influence of parameters
uncertainties and cyclical disturbances. The 2-SMC can
neither resist to the cyclical disturbances nor compensate
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Fig. 11 Quadrotor Position trajectory tracking
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the influence of parameters uncertainties. The GFTSMC
has good response compared to the 2-SMC, and this can be
seen from the vertical flight where the GFTSMC has effec-
tively compensate the influence of parameters uncertainties.
The major drawback of this method is that it has not strong
robustness against cyclical external perturbations. In con-
trast of these approaches, 2-SMC and GFTSMC, the sug-
gested method can compensate both the influence of external
disturbances and parameters uncertainties. A quantitative
comparison of the trajectory tracking performance through
the Integral Square Error (ISE) is given in Table 3.

ISE = [ &t (79)
0
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Fig. 14 Control torques
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Fig. 15 3D trajectory tracking

where e corresponds to the tracking error, and 7, symbolizes
the final simulation time.

The proposed BSMC-ANFTSMC control law is signifi-
cantly superior to the 2-SMC and the GFTSMC controllers,
this can be marked from the ISE performance index where
the proposed method has the lowest value.

@ Springer



634

H. Hassani et al.

Table 3 Quantitative comparison

Movement 2-SMC GFTSMC Proposed
BSMC-
NFTSMC

X 0.3051 0.1837 0.0924

y 0.1127 0.0941 0.0187

b4 3.2724 0.1132 0.0272

v 0.2618 0.2890 0.0575

The control effort and torques are depicted in Figs. 13
and 14, respectively. It can be seen that these signals have
reduced amplitudes and almost the same for the three inves-
tigated cases (nominal flight, +30% of uncertainty, —30% of
uncertainty), also the chattering phenomena doesn’t appear
even if the parameters uncertainties and time-varying exter-
nal perturbations are introduced.

Figure 15 illustrates the 3D representation of the reference
and actual path under the influence of unmodeled dynamics.
Starting from an initial state of the quadrotor position far
from the desired path, the offered BSMC-ANFTSMC con-
trol method is able to drive the quadrotor to accomplish the
expected flight. Even with 30% of uncertainty in the quadro-
tor mass and matrix of inertia, the resulting trajectories are
almost the same.

The simulation experiments performed in this work, with
and without external disturbances, exhibit a remarkable
improvement of the response time, the chattering avoidance
and the system robustness. It is proved that the developed
control efforts (Ul, qu’ Uy, UV,) are rarely affected by the
suddenly change of the reference path and the influence of
parameter’s uncertainties, meanwhile the high frequency
oscillations is solved. Being said, the amplitude of the
control signals is reasonable (physically realizable) which
enforce the likelihood of real time implementation success
of the proposed method.

5 Conclusion

In this paper, the problem of quadrotor path tracking in the
presence of external perturbations and model uncertainties is
investigated. A new hierarchical control strategy comprising
two sub-controllers is synthetized to solve the problem of
under-actuation and to robustly manage the quadrotor behav-
ior under unmodeled dynamics. An adaptive nonsingular
fast terminal sliding mode control is adopted to efficiently
steer the quadrotor orientation, the backstepping approach
is incorporated with the sliding mode technique and used
to control the position of the quadrotor system. The stabil-
ity and finite time convergence of the adopted hierarchical
control strategy is proved by the lyapunov theory. The flight
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tests results highlight the accuracy of the offered method
and show significant improvements especially in term of
fast response time, chattering free and strong insensitivity to
the parasitic dynamics. Moreover, the comparative analysis
demonstrates that the suggested method BSMC-ANFTSMC
clearly outperforms the 2-SMC, GFTSMC, the BS and the
ISMC controllers. To improve the response of the quadrotor
in a harsh-disturbed environment, our future working will
be oriented towards cooperative control strategies based on
nonlinear disturbances observer.
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