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Abstract: This paper proposes an adaptive neural-network-based nonsingular fast terminal sliding
mode (NN-NFTSMC) approach to address the trajectory tracking control problem of a quadrotor
in the presence of model uncertainties and external disturbances. First, the dynamic model of the
quadrotor with uncertainty is derived. Then, a control scheme using nonsingular fast terminal sliding
mode control (NFTSMC) is proposed to guarantee the finite-time convergence of the quadrotor
to its desired trajectory. NFTSMC is firstly formulated for the case that the upper bound of the
lumped uncertainty is known in advance. Under this framework, a disturbance observer by using the
hyperbolic tangent nonlinear tracking differentiator (TANH-NTD) is designed to estimate the external
interference, and a neural network (NN) approximator is used to develop an online estimate of the
model uncertainty. Subsequently, adaptive algorithms are designed to compensate the approximation
error and update the NN weight matrix. An NN-NFTSMC algorithm is formulated to provide the
system with robustness to the model uncertainty and external disturbance. Moreover, Lyapunov-
based approach is employed to prove the global stability of the closed-loop system and the finite-time
convergence of the trajectory tracking errors. The results of a comparative simulation study with
other recent methods illustrate the proposed control method reduces the chattering effectively and
has remarkable performance.

Keywords: neural network; nonsingular fast terminal sliding mode; trajectory tracking; uncertainties
and disturbances

1. Introduction

Quadrotors have broad applications on military and civilian areas, such as environ-
mental supervision, geological analysis, agricultural operations, search and rescue, and
mail delivery [1,2]. In particular, they have promptly garnered special attention from the
aviation research due to their advantageous characteristics such as lightweight structure,
vertical take-off and landing, simple mechanical design, good maneuverability [3]. How-
ever, the trajectory tracking control of a quadrotor unmanned aerial vehicle (UAV) is a
complicated problem. On the one hand, the quadrotor is an inherently nonlinear and
multiple-input multiple-output (MIMO) system. On the other hand, the under-actuated
properties lead to strong coupling among state variables. Furthermore, quadrotor dynamics
involve parameter uncertainties and external disturbances, leading to potentially unstable
flight trajectories [4].

There are several control methods for the trajectory tracking problem of quadrotors
that have been explored in previous research. Linear control methods, such as proportional-
derivative (PD), proportional integral derivative (PID) and linear quadratic (LQR) are pre-
sented in Refs [5-7]. However, these linear control techniques cannot ensure the stability of the
system when the vehicle moves away from the operating domain. In addition, these control
approaches have limited capabilities of coupling alleviation and interference suppression.
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To obtain an accurate flight path trajectory when the quadrotor maneuvers rapidly,
a variety of nonlinear flight control methods have been developed, which can overcome
the drawbacks of the linear control approaches, such as backstepping control [8], feedback
linearization [9], sliding mode control (SMC) [10]. Of these methods, SMC has been proved
to be an attractive method for trajectory tracking control, which can compensate for the
model uncertainties and external disturbances. In other words, the main benefit of the SMC
technique is low sensitivity to parameter variations and dynamic uncertainties. Based on the
quadrotor model subjected to parametric uncertainties and external disturbances, the fuzzy
logic system (FLS) was employed in the structure of SMC to schedule the switching gain
and suppress the chattering [11]. The SMC method with the optimized radial basis function
neural networks (RBFNN) approximator was proposed for a 6-DOF quadrotor [12]. In
addition, the SMC technique also has been applied in other fields, such as attitude tracking
control of spacecraft [13], trajectory tracking for robotic airships [14] and autonomous
underwater vehicles [15].

For many practical systems like the quadrotor, it is required that the designed control
system must fulfill some performance index, such as convergence speed and steady-state
error [16]. Whereas, the ordinary sliding mode control can only drive the system state
converge progressively, it cannot quickly reach the origin within a finite-time. To obtain
the finite-time convergence, terminal sliding mode control (TSMC) has been developed,
which adopt nonlinear sliding surfaces. Based on a quadrotor system in the presence of
external disturbance, a robust fuzzy TSMC method is developed to track the predefined
flight path [17]. To further improve the convergence speed, a fast terminal sliding mode
(FTSMC) has been proposed. In Ref. [18], a robust control method which consisted of the
FTSMC method and super twisting reaching law, is proposed for the quadrotor position
and attitude tracking. However, the traditional FTSMC method suffers from the singularity
problem due to the terms with negative fraction power. To handle the singularity problem,
a nonsingular fast terminal sliding mode control (NFTSMC) method is recently developed.
Based on the orbit-coupling spacecraft model, an improved NFTSMC method combined
with a continuous differentiable constraint function was designed to solve the problem of
the spacecraft final approach [19]. Further, an adaptive NFTSMC method for controlling
the position and attitude of the smart flexible satellite [20]. Combined with the fully tuned
RBENN, a finite-time control scheme using NFTSMC algorithm is proposed for redundant
parallel manipulators [21].

Motivated by the aforementioned analysis and inspired by Refs. [22,23], this paper
presents an adaptive neural-network-based nonsingular fast terminal sliding mode control
(NN-NFTSMC) scheme, to address the problem of trajectory tracking for a quadrotor in
the presence of inertial uncertainties and external disturbances. First, this paper presents a
quadrotor dynamic model with parametric uncertainty and unknown disturbances. For
the inertial uncertainties and external disturbances, the NFTSMC method can guarantee
convergence of the tracking errors in finite-time. However, the quadrotor dynamic model is
usually uncertain and the bounds of the uncertainties and disturbances are often unknown.
Therefore, under the framework of NFTSMC, a nonlinear disturbance observer is designed
by using a hyperbolic tangent nonlinear tracking differentiator (TANH-NTD) to estimate the
external disturbance. The neural network (NN) technique is utilized to estimate the model
uncertainties due to its strong nonlinear fitting ability. Furthermore, adaptive algorithms
are applied to automatically adjust the parameters of the controller to estimate the unknown
upper bound of the approximation error. Also, by employing the designed controller, the
chattering generated obviously in the conventional SMC is alleviated, without losing the
tracking precision and robustness property.

The main contributions and the key features of this paper are summarized as follows:

(1) A NFTSMC method is adopted to guarantee that the quadrotor system acquires
high-speed response, accurate tracking and strong robustness. Furthermore, the NFTSMC
method can overcome the singularity problem that exists in the normal FTSMC approach.
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(2) A TANH-NTD disturbance observer and an NN approximator are formulated to
provide an online estimate of the external disturbance and model uncertainties, which
can allows for the relaxation of the requirement of prior knowledge about the bound of
the uncertainties and disturbances, thus reducing the difficulty in modeling the system
in practice.

(8) The NN-NFTSMC control method acquire high-speed response, accurate tracking
and strong robustness, but also alleviate the negative effect of chattering.

The remainder of the paper is organized as follows. Section 2 describes the prelim-
inaries and problem formulation. Section 3 presents the formulation of the controller
NN-NFTSMC to be used in the trajectory tracking of the quadrotor. Section 4 presents the
results of simulations to illustrate the effectiveness of the designed control method. Finally,
Section 5 concludes the paper.

2. Preliminaries and Problem Formulation
2.1. Preliminaries

The following notations are adopted throughout this paper. | - | represent the absolute
value of each element of a vector. || - || denotes the Euclidean norm of a vector. Amax(-)
denotes the maximum element of a vector or the maximum eigenvalue of a matrix; Amyn (-)
denotes the minimum element of a vector or the minimum eigenvalue of a matrix. For a

variable vector g = [g1,- -+ ,qa]" € R", the function sign®(q) is denoted as

sign®(q) = |q|"sign(q) = [|q1|"sign(q1), - - , |gu|"sign(qa)]" @)

Then, it is easy to obtain

d(sign” .y
(SIgcrllt @) _ g4 @

2.2. Kinematics and Dynamics

The structure of the studied quadrotor model is shown in Figure 1, which consists of a
rigid cross-frame and four propellers. The kinematics model that describes the position
and attitude of the quadrotor is given by [4]:

g"f: Riv,
{ ﬂ:Riwb )

where & = [x,,2]" and 57 = [¢,6,¢]” denote the quadrotor position and attitude in the
inertial frame (O, — XeY,2,), va = (1,7, w]T and wy, = [p,q, r]T represent the speed and
angular velocity with respect to the body frame (O, — x,y32p), Ry and R, is the direction
cosine matrix and transformation matrix respectively, whose expressions can be found
in Ref. [24].

The rigid quadrotor system modeling described by Euler dynamic equations can be
expressed as follows [25].
Ji=—-4' XJp+7— 17— Ta+dy @

m¢g = Ryu — mge; — fp + dg

where e; = [0,0, 1]T. m is the total mass, J is the symmetric inertia matrix, u denotes the
gross thrust generated by four rotors with respect to the body frame, g denotes the vector of
gravity acceleration, T denotes the rotation torque produced by four propellers, T, denotes
the resultant moment generated by the gyroscopic effects. 7, denotes the resultant of
aerodynamic friction torque, f, denotes the aerodynamic force, d; and dg are the unknown
external disturbances.
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In this study, the additional parameter uncertainties of the quadrotor system can be
expressed as follows:
J=Jo+A], m=mg+ Am (5)

where J; and mg denote the known inertial matrix and mass; AJ and Am represent the
bounded uncertainties.
Then, the dynamic system described by Equation (4) can be rewritten as:
. T . . .T .
{ Joit = =" X Joit + T =T — T+ dy — MJi— i % AJiy ©)
mog = Ryu — moge; — fp + dg — Amge, — Am&

Figure 1. Structure of the quadrotor.

2.3. Problem Formulation

The quadrotor is an under-actuated system, which has six outputs and four control

inputs. In order to facilitate the controller design, a virtual control input v = [vy, vy, ;] Tis
introduced as:

Uy (cos ¢ sinf cos P +sin¢psiny) -
vy | = |(cos¢sinfsiny —sin¢cosyp) @)
Uz cos¢pcosfi —g

For simplicity, the quadrotor system can be deformed as follows:

x=F+Gu+D+d (8)
with
T o S
= XJol=Te—T 1 9 —AJy—1 XAl
F= Jo G=| D :Krj , D= Jo . |,d= dy )
—mge:—fp 03«3 m—f —Amge;—Amg d;;
mg 0 T my

where, x = [T, §T]T is the state vector; u = [1p, Ty, Ty, Vx, Uy, ZJZ]T is the input vector; D is
the model uncertainty term; d denotes the external disturbance vector.
Then, by setting the desired pitch angle 1, the desired roll angle ¢, desired pitch 6,

angle can be obtained [25]:

1 (vx sin(y;) — vy COS(lPd))’ 6, = tan"! <vx cos(ipg) + vy s'm(zpd)> (10)
v+ g U+ 8

¢g =sin~

By setting the desired state x; = [¢4, 04, P4, xd,yd,zd]T, the tracking errors are de-
fined as:
E1:x—xd,E2:5c—5cd (11)

The control purpose of this work is formulated as follows: given the initial system
state xo, and the desired state x,;, design a robust controller to stabilize the vehicle subjected
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to the model uncertainties and external disturbances. The vectors of tracking errors given
by Equation (11), are required to converge to zero in a finite-time, i.e.:

tlgltf}HElH =0, }g{}HEzH =0 (12)

3. NN-NFTSMC Controller Design

This section is devoted to the controller system design of the quadrotor. NFTSMC
technique is adopted to design the trajectory tracking controller. Under this control frame-
work, the hyperbolic tangent nonlinear tracking differentiator (TANH-NTD) and RBFNN
are developed to respectively approximate external disturbances and system uncertainties.
Adapting algorithms are introduced to update the weight matrix of RBFNN and estimate
the upper bound of the approximation errors.

3.1. NFTSMC Design

The trajectory tracking errors are defined as:
e=x—xy (13)
The first derivative of the trajectory tracking errors is given by:
e=x—x (14)
A nonsingular fast terminal sliding surface is chosen as follows:
s = e+ asign’! (e) + Psign’?(e) (15)

where & = diag(ay, ap, a3, 04, a5, ) and B = diag(B1, B2, B3, B4, Bs, Bs) are positive definite
matrices, 1 and 7y; are positive odd constants, satisfying 1 < y; < 2and ¢ > 7».

Remark 1. In the above-mentioned sliding manifold design, when the system states are far from
the equilibrium states, asign™ (e) has a dominant position and ensures a high convergence rate,
compared with Bsign?(e); when the system states approach the equilibrium states, Bsign’?(e)
guarantees the finite-time convergence.

The time derivative of the sliding surface can be calculated as:

s=é+ayle/" e+ ﬂ'yz]é|7271(F+Gu+D +d—X;) (16)

Assumption 1. The total dynamic uncertainties are assumed to be bounded, satisfying the follow-
ing inequalities:
D[} +{ld]} < p (17)

where p is a finite positive constant.

Based on the sliding surface given by Equation (15), the equivalent control law is
designed as follows

_ . 1 .2 “1\ ..

_ 1 _ 72 1-1

g = —G <P+ Ky lé| (1 + oy el >51gn (e)) (18)
Based on Assumption 1, the switching control law is given by:

us = —Kjs — Kjpsign(s) (19)



Drones 2022, 6, 206

6 of 19

where Kj = diag(Kj1, K2, K3, K14, Ki5,K16) is a positive definite matrix K;; > 0
(Z = 1,2,3,4,5,6) is the design parameter, K2 = diag(K21, Kzz, K23, K24, K25, K26) is the switch-
ing gain matrix, and Ky; > 0 (i = 1,2,3,4,5,6) is a positive constant, which satisfies:

KZi = Amax (D) + /\max(d) +9 (20)

where ¢ is a small positive constant.
Hence, the NFTSMC control law for the quadrotor system is designed as:

. 1.2 1\ . .
uw——_G! (P— %+ 7—|e|2 12g-1 (1 + ayple[™ 1)51gn(e) +Kjys —|—K251gn(s)> (21)
2
The control scheme of the NFTSMC technique for trajectory tracking is indicated

in Figure 2.

NFTSMC

X4

| I

T
[x d**d ] Nonsingular fast
s
Desired trajectory terminal sliding z)ﬁfrsol:/ll:- L
surface
. o7
[x,x,x]
(5]
Quadrotor
dynamic

Figure 2. Block diagram of NFTSMC.

Lemma 1. [26] Suppose there exists a positive definite Lyapunov function V (), which fulfills the
inequation V (x) 4+ k1V (x) + ka2 V¥ (x) < 0 where ky, ky > 0and 0 < k3 < 1. Let Vy(x) be the
initial value of V (x), then the system state x () converges to zero in finite time. The settling time
T satisfies:

1 VR (x) + K,

T< In
= k(1 —k3) ko

(22)

Theorem 1. Considering the nonlinear dynamic system given by Equation (8) and the sliding
surface chosen as Equation (15), if the NFTSMC controller is designed as Equation (21), then the
closed-loop system is stable and the tracking error can converge to zero in finite time.

Proof. The candidate Lyapunov function is considered as:

1
Vi = EsTs (23)

Differentiating Equation (23) with respect to time yields:
Vy=s's (24)
Substituting Equations (16) and (21), the above equation is converted to:
vy =sT (é +ayile] e+ B2 ]é\”_l (F+Gu+D +d — id))
— —Bmae|” 'KisTs + Brale] > (sT(D + d) — sKasign(s))

After simple calculation, the following can be obtained:

(25)
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IAINA

1ro—1 ra—1
—’72,8]4” KysTs — 'yzé,B‘eWZ ||1s|| 1
_2')/2)\min (K1>Amin (,B)Aminqé‘n )Vl - \/5'725/\min(ﬁ))\min(|é|% )V11/2

(26)

By defining 1 = Z'yzAmm(Kl)/\min(ﬁ)/\min(’é|7271) and 12 = V27206 A min(B) Amin
e 721 , the following inequation is obtained:
g mneq

Vi <V — upV/? (27)

Consequently, according to Lemma 1 and Lyapunov stability theory, it can be said
that the NFTSM sliding manifold s(¢) can converge to zero in finite time. This completes
the proof. [

3.2. NN-NFTSMC Design

The proposed NFTSMC has provided an effective control method for the quadrotor
system. In the design of NFTSMC, it is assumed that the upper bound of the lumped
uncertainties is known in advance. In practical applications, the precise upper bound
information is usually difficult to obtain. In order to compensate for the uncertainties
existing in the actual system, the disturbance observer and the RBFNN approximator are
designed to estimate the external disturbances d and the model uncertainties D respectively.
Under the structure of NFTSMC, the NN-NFTSMC is designed with the disturbance
observer and the RBFNN approximator.

A nonlinear disturbance observer using the TANH-NTD is designed as follow [27]:

£=F+Gu+D+d

i— _R'R (altanh (bl (5; - x)) + aztanh(R—lbzfi)) (28)

where R, a1, a, by and b, are positive definite diagonal matrices, & and d are respectively
estimates of x and d.

The approach of self-stable region is provided to prove the convergence of the distur-
bance observer designed as Equation (28) in Ref. [28].

Remark 2. The existence of the unknown disturbances makes the stabilization of the quadrotor
more difficult. In this study, a disturbance observer based on TANH-NTD is proposed to compensate
the external disturbance in real time. By selecting the proper values of R, ay, az, by and by, the
disturbance observer can estimate the corresponding disturbance d. Then, the approximation error

A,

&y, of the disturbance observer is defined as e, = d — d.

RBENN is a well-known approach for the approximation of a nonlinear function. An
RBFNN is a three-layer feedforward neural networks, which includes an input layer, a
hidden layer with a nonlinear activation function and an output layer. The activation
function h, which is selected as Gaussian function, is expressed as:

2
hj(r) —exp<w>,j—1,2,-" ,m (29)

i
where 7 is the input of the RBFNN, ¢; is the center of the neuron, and ¢ is the width of
Gaussian function for neural net j.

Lemma 2. [29] For any positive constant €, there always exists a RBFNN, which guarantees the
approximation error ultimately converges to an adequate small compact.

sup|f(x) —y(x)| <e (30)

XEo
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where f(x) is a continuous function which is defined on a compact set o, and y(x) is the output of
the RBFNN.

According to Lemma 2, the RBFNN is adopted to compensate for the model uncertain-
ties D, which can be expressed as follow:

D=Wh+e, (31)

where W is the optimal weight matrix, and &,, denotes the approximation error.
The input vector of the RBFNN is chosen as:

r = [x,x,X] (32)
Then, the output vector of the RBFNN is
Ao T
D=Wh (33)

where W is the estimation of the best weight matrix W.

Assumption 2. It is assumed that there exists a positive constant v, which satisfies the follow-
ing inequation:
[l +[lenll <7 (34)

where &y, and &, denote the approximation errors of RBENN and the disturbance observer respectively.

Based on the Equations (33) and (28), the control law in Equation (21) is rewritten as
follows:

A 1 . 2- _ .
u=—-G! <P+D +d—X;+ ﬁTMZ 72 (1 + ayqle|™ 1)sign(e) +Kjs +K2sign(s)> (35)
2
With the adapting laws:
~ . X . -1
W =1L Ble|hs”, 7 = ABls|"|e|™ (36)

where I' is a positive definite matrix, and A is a positive constant.
The block diagram of the NN-NFTSMC technique for trajectory tracking is illustrated
in Figure 3.

Adaption laws ——

1
1
1
! | TANH-NTD ‘ | RBFNN ‘
1
1
1

NN-NFTSMC

l i ll)

s NN-NFTSMC
controller

. T
[xd Xy ] Nonsingular fast
Desired trajectory terminal slidi
surface

5

| xd T u [x’x,x]T

Quadrotor
dynamic

Figure 3. Block diagram of NN-NFTSMC.

Theorem 2. For the quadrotor system subjected to the disturbances and model uncertainties
described by Equation (8), if the nonsingular terminal sliding surface is selected as Equation (15) and
the NN-NFTSMC controller is designed as Equation (35), in which the total dynamic uncertainties
are estimated by Equations (28) and (33), and the adaption laws are selected as Equation (36), then
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the stability of the closed-loop system is guaranteed and the tracking errors converge to zero in
finite time.

Proof. Select following Lyapunov function candidate V;

I ST e 1,
Vz—zs s+2tr(WF W)—i—'yzz/\iy (37)

where W = W — Wand 7 = 5 — 7. Through the previous analysis, it is clear that W=-Ww
and ij = —7.
Differentiating Equation (37) yields:

: . ~ = 1_-
V,=sTs+ tr(WTFAW) + 127777 (38)

By substituting Equation (16) into the Equation (38), the following equation can be
obtained:

. . 1. . 1. ~ T ~ 1_-
Vy,=s' (e +ayyle|" le [3')/2|e‘72 1e) +tr(W I 'W) + V25717 (39)

By placing the NN-NFTSMC control law in Equation (35) and the adaptive laws in
Equation (36) into the above equation, the following equation is obtained.

vV, = 728 é]”*lsT((em + &) — Kys — fjsign(s))

+trW ('yzﬁT]éPz*lhsT +r1 (—F’yz,BT|é‘727lhsT)) + 72%17ﬁ|s|T]é]7271 49
Simplifying Equation (40) leads to the following relation.
V2 = 12Ble[ " (~KasTs ~ ] + (en + en)s ~ 7ls]) @
Considering the constraint in Equation (34) yields
Vv, < 'yzﬁ‘é’”*lsT(—Kls — fjsign(s) + ysign(s) — 7jsign(s)) (42)

< —mBle[” ' Kis"s <0

According to the Lyapunov stability criterion, it is concluded that the system’s error
variables will converge to zero along the sliding manifold in a finite-time. The proof
is completed. [

Remark 3. Without the disturbance observer and RBFNN approximator being introduced, substi-
tuting Equation (21) into Equation (16) leads to Equation (44); With the TANH-NTD disturbance
observer and RBENN approximator being adopted, substituting the Equation (35) into (16) leads
to Equation (45). Comparing with Equations (44) and (45), it can be seen that the total dynamic
uncertainties change from D +d to D — D + d — d by the compensatory effect of the disturbance
observer and RBFNN. Therefore, the switching gain of the control law can be decreased from Ky,
the upper bound of the lumped uncertainties, to the estimation of the upper bound fj, and the
approximation error D — D + d — d, which can alleviate chattering.

s = ﬁ’yz]é‘ﬂrrl(D+d—Kls — Kjpsign(s)) (43)

s = ﬁ')/2|é‘72_1 (D—D+d—d— Kis — fsign(s)) (44)

Given the proceeding analysis, the detailed computational procedure of designing the
NN-NFTSMC approach is described in Algorithm 1.
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Algorithm 1 NN-NFTSMC

Input:

(1) The desired trajectory x4

(2) The present position and attitude x

(3) Model parameters of the quadrotor

Output: Control inputs for trajectory tacking

Step 1: Design of the control input

(1) Compute the state errors: e = x —xy, € = x — x;

(2) Define the sliding surface: s = e + asign® (e) + Bsign®> (é);

(3) Design adaptive laws: W = y,I'Be|hsT, 1} = A/S|S\T}é}%_l

(4) Construct neural network approximation and disturbance observer: D = WTh, d
(5) Calculate the control signal u

Step2: Proof of the closed-loop system stabilization

(1) Select the Lyapunov candidate function V

(2) Calculate the first-order derivative of Lyapunov function V

(3) Check the sign of 1%

(4) Analyze the convergence of the state variables

Step3: Ending

If the state errors satisfy the requirement, terminate the algorithm and output the control signal u.
Otherwise, go to stepl

4. Simulation Results

In this section, numerical simulations are presented to illustrate the effectiveness of the
designed control method. The physical parameters of the studied quadrotor are replicated
from Ref. [24] and the reference trajectories are adopted from Ref. [30]. Subsequently, to
study the performance of the designed NN-NFTSMC scheme, the global fast terminal
sliding mode control (GFTSMC) method [31] and second order sliding mode control
(SOSMC) method [32] will be compared by using numerical simulations. The controller
parameters of NN-NFISMC are listed in Table 1.

Table 1. Control parameters of NN-FTSMC.

Parameter Value

o diag (6, 6, 6,0.5,0.5,0.5)

B diag (0.3,0.3,0.3,0.8,0.8,0.8)
Y1 1.3

Y2 1.1

K; diag(20, 20, 20, 10, 10, 10)
r diag(15, 15, 15, 35, 35, 35)
A 20

4.1. Simulation 1

This simulation is conducted considering the case for A] = 0.05]y, Am = 0.05my,
dz = 0.1N and d; = 0.1N - m. To evaluate the effectiveness of the proposed controller,
the GFTSMC controller is employed for comparison. The initial state of the quadrotor is
x0 =1[0,0,0,0,0, O]T, and the desired trajectory, which consists of taking-off, hovering and
landing, is listed in Table 2 in terms of the reference position and yaw angle.

The trajectory tracking results of both methods are shown in Figures 4 and 5, and
the tracking errors of the proposed method is displayed in Figure 6. It can be seen that
both the NN-NFTSMC and GFTSMC methods are able to hold the quadrotor position
and attitude steady, even though the desired position and angle are modified in every
moment. However, it is obvious that the GFTSMC technique is unable to maintain the null
steady error due to the coupling relationship between these state variables. The designed
NN-NFTSMC controller is able to maintain the system state variables on their references
without oscillation. In addition, compared with the GFTSMC technique, NN-NFTSMC
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can provide more rapid response speed and take less time to drive the state errors to zero.
The control inputs are displayed in Figure 7, which include the total thrust u, rotation
torques Ty, Tp and Ty. These results fully prove that the proposed NN-NFTSMC controller
has advantages over the GFTSMC controller in terms of suppressing coupling, tracking

accuracy and convergence rate.

Table 2. Reference position and yaw angle of the desired trajectory.
Variable Value Times
[x4(m), ya(m), z4(m)] [0.6, 0.6, 0.6] 0
[0.3, 0.6, 0.6] 10
[0.3,0.3,0.6] 20
[0.6,0.3, 0.6] 30
[0.6, 0.6, 0.6] 40
[0.6, 0.6, 0.0] 50
pl(rad)] [0.5] 0
A [0.0] 50
T T
0.6 [/~ - = em
—_ ;’ I : ! - - —Reference
E04 I,' 'I oo e GFTSMC
< i —— NN-
02l NN-NFTSMC| |
/
0 3 I I I
0 10 20 30 40 50 60 70
times (s)
r—\ T T T
06— < s N
. e : \\ 7 - — —Reference
EO04 . AN = e |m— GFTSMC ||
> e = —— NN-
02 i - NN-NFTSMC
I s -
. 06 7 | |
\\-,
0 0.55 20 30 40 50 60 70
11 12 13 times (s)
T T
0.6 - — —Reference
I
£ 0.4 A GFTSMC ||
= 1) ——NN-NFTSMC
N 0.2 o A\ ]
a’-' 1 \'\
0 R A
5 ‘/ ‘ !
0 0.45 / 30 40 50 60 70
0 2 4 times (s)

Figure 4. Position (x, y, z) in simulation 1.
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Figure 6. Position tracking errors in simulation 1.
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Figure 7. Control inputs in simulation 1.

4.2. Simulation 2

The tracking performance of the SOSMC method is given in the comparative simula-
tion. The values of inertias and total mass are up to 15% overstated, i.e., A] = —0.15]; and
Am = —0.15my. The external disturbance is imposed on the accelerations of position and
attitude, whose expressions are given by:

0.5sin(0.7¢)
0.5sin(0.5¢)
0.5cos(0.7t)
0.5sin(0.7¢) 45
0.5sin(0.4¢)
0.5sin(0.7¢)
The initial condition of the vehicle is xy = [0,0,0.5,0.5,0.5,0.5] T The desired trajectory
is given as:

L] t € [0,55)

77 003cos()m ¢ € [55,120]

. {0 t € [0,55)

d= .
0.3sin(Z)m t € [55,120] (46)
Im  t€[0,42)

zg=1407m e [42,87)
0.8m t € [87,120]

Py = Orad

The trajectory tracking results are depicted in Figures 8 and 9. It should be noted that,
despite the presence of the dynamic uncertainties and external disturbances, the proposed
controller demonstrates the better tracking performance than the SOSMC technique. It is
noticeable that, starting from the initial position far from the desired trajectory, the NN-
NFTSMC succeeds in maneuvering the quadrotor along the reference trajectory in a short
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time and small amplitude oscillation observed. However, during flight phase involving
hovering and sine-wave maneuver in the trajectory, the proposed method can maintain
a satisfactory level of precision, due to the strong nonlinear fitting ability of the designed
disturbance observer and RBFNN approximator. The position tracking errors are displayed
in Figure 10. It can be seen that the NN-NFTSMC method is able to reject the model
uncertainties and disturbances. These figures successfully illustrate that the remarkable
performance of the proposed NN-NFTSMC controller.

0.05 = = =Reference

A T S e SOSMC L

0.4
€02
x 0

02

0.4 ‘

-0.05

(

0.4 -0.25
E 0.2\ 54

> 0
02+
0.4 ‘

7 —— NN-NFTSMC |

i\ >
- I ¥

"o g ) 60 80 100 120
0.95 Vi times (s)

Figure 8. Position (x, y, z) in Simulation 2.

02 ——NN-NFTSMC ||
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-0.2 E I ! I | | B
0 20 40 60 80 100 120
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0.5 T
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0 (rad)

60 80 100 120
times (s)
T T
————— Reference
- = =S0OSMC
——NN-NFTSMC | |
|
60 80 100 120
times (s)

Figure 9. Attitude (¢, 6, ¢ ) in simulation 2.
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Figure 10. Position (x, y, z) tracking errors in Simulation 2.

4.3. Simulation 3

In this simulation, the values of inertias and total mass are undervalued by 15%,
ie., A] = 0.15]; and Am = 0.15mg . The external disturbances are the same as those in
Simulation 2. The quadrotor is initially located at xo = [0,0,0.5,0.5,0.5,0.5] T, and the
desired trajectory is given as:

lcos(f)m te0,4n)
(,_ J05m t € [471,20)
025t —45m ¢ € [20,30)
3m t € [30,80]
Isin(f) m t € [0,4m)
025t —3.14m t € [47,20)
Yi=4{5—mm t € [20,30) (47)
—0.2358t +8.94m € [30,40)
—05m t € [40,80]
0.125t+1m t € [0,4m)
zg=4057m+1m t € [47,40)
exp(—0.2t +8.944) m t € [40,80]
Py = Orad

The trajectory tracking performances under the model uncertainties and time-varying
disturbances are presented in Figures 11 and 12. It can be seen that the proposed NN-
NFTSMC method achieves the desired trajectory tracking with a faster convergence rate
than that of the SOSMC method. The trajectory tracking using the NN-NFTSMC ap-
proach has much lower oscillations and overshoots. However, the SOSMC approach can
hardly handle the chattering well, which is aggravated by parameter uncertainties and
disturbances. Figure 13 shows the time histories of the position tracking errors with the NN-
NFTSMC. The position tracking errors converge to the neighborhood of zero in finite time.
During the steady state, the error accuracy of the position is on the order of 10~3.Based on



Drones 2022, 6, 206

16 of 19

above analysis, it is clear that the proposed method can provide better tracking accuracy

and faster convergence rate.

————— Reference
- - =-S0OSMC
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60 70
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Figure 12. Attitude (¢, 6, 1 ) in simulation 3.
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Figure 13. Position (x, y, z) tracking errors in simulation 3.

5. Conclusions

A NN-NFTSMC approach was designed to address the problem of quadrotor trajectory
tracking control while being subjected to model uncertainties and disturbances. The
proposed method combined the merits of NFTSMC, TANH-NTD and NN. The NFTSMC
technique guaranteed the rapid finite-time convergence of all state variables with high
accuracy, in which the singularity problem was avoided. Furthermore, a TANH-NTD
disturbance observer and NN approximator were adopted provide an online estimate
of the external disturbances and dynamic uncertainties acting on all degrees of freedom
of the system. Comprehensive simulations were conducted to illustrate the enhanced
performance of the proposed method.
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