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A nonsingular terminal sliding mode decentralized controller that can ensure the tracking errors of the trajectories and attitude
rapid convergence in finite time is proposed for an insufficient driven and strongly coupled nonlinear four-rotor unmanned aerial
vehicle (UAV). The total lift of the UAV system is decomposed into three virtual drive separation forces corresponding to the three
positions. The insufficient drive UAV system is transformed into a virtual full-drive model for research. The three position states
and the three attitude states of UAV are placed correspondingly to the six subsystems by variable substitution. The model
uncertainty and unknown disturbance term for each subsystem serves as total coupling terms among the subsystems. The upper
bounds of the total coupling terms are considered as unknown ordinary higher order polynomials varying with the six states of the
system under the action of time change. With the help of Cauchy inequality, the estimates of the upper bounds are obtained from
the approximation performance of the RBF neural network. Finally, the decentralized controller is designed for each attitude
subsystem and the virtual decentralized controller for each position subsystem. It is also mapped to the tracking total lift controller
by using the virtual decentralized position controller. The controller design process uses the nonsingular terminal sliding mode
control technology to ensure that the quadrotor attitude and position variables can quickly converge to the desired value in a short

time. Simulation experiments verify that the proposed control method is effective and feasible.

1. Introduction

1.1. Background. Being light sensitive and highly mobile, the
quadrotor UAV can automatically perform tasks, such as
image processing, video acquisition, environmental condi-
tion detection, site monitoring, and target tracking, which
can be widely used in aerial photography, production su-
pervision, public safety supervision, cargo distribution,
combat reconnaissance, and other fields. The quadrotor
UAV performs various missions by tracking the desired
track. The accuracy of the tracking controller directly de-
termines the quality of its task completion. However, the
quadrotor is a complex nonlinear system with strong cou-
pling, insufficient drive, multiple inputs, and multiple
outputs. There is also a strong coupling effect between its
posture and position. The task subjects to parameter

uncertainty of the system and external environment in-
terference, and all these factors greatly increase the difficulty
of controller design.

1.2. Literature Review of Related Works. Recently, many
scholars have proposed different effective control methods
for tracking flight control problem of UAVs.

The authors of [1] presented a heuristic approach for
optimal path planning that the optimization strategy is based
on the indirect solution of the open-loop optimal control
problem. In [2], a disturbance-observer-based adaptive
fuzzy tracking control scheme is proposed for a medium-
scale unmanned helicopter of six degrees of freedom in the
presence of system uncertainties, flight boundary con-
straints, and external disturbances. In [3], a disturbance
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observer is employed to estimate time-varying external
disturbances and uncertainties for ducted fan aerial vehicles.
The unknown disturbance is estimated as one of the un-
measured states based on the expansion state observer in
[4-7].

The above literature uses different methods to solve the
control problem of UAV affected by external disturbances.
However, the UAV is a complex nonlinear system. For the
complex nonlinear problem, literature [8] uses backstepping
technology to design effective controllers.

In order to avoid the integral explosion problem in the
backstepping control and to improve system robustness, the
authors of [9] used the dynamic surface control method to
design the controller. To solve the system uncertainty of the
quadrotor, literature [4, 10-12] introduced the sliding mode
control technology to design an adaptive sliding mode
trajectory-tracking controller to compensate for model
uncertainty and ensure the target-tracking performance. In
literature [13], an event-triggered sliding mode solution is
presented to reduce the update frequency of the control
input and reduce the communication burden.

The above literature solves the problem of integral ex-
plosion of backstepping control by sliding mode control
technology. However, the control process of the UAV
usually needs to be achieved in a limited time, and attitude
and position variables can achieve stability in a short time.
Therefore, terminal sliding mode control methods are used
in [14-19] literature.

In literature [14], a terminal sliding mode attitude-
position quaternion based control of a quadrotor un-
manned aerial vehicle is presented. In [15], robust non-
linear control strategies for attitude and position control
are innovatively proposed based on a new continuous
nonsingular terminal sliding mode control (CNTSMC)
scheme. Literature [16] proposed a global fast terminal
sliding mode controller for trajectory tracking. Literature
[17] combines recursive control and robust control to
design the finite-time adaptive integration reverse fast
terminal sliding mode control method (FT-AIBFTSMC),
which improves the external wind interference and un-
known tracking performance by using virtual control laws
and adaptive switch gain. In literature [18], a nonsingular
fast terminal sliding mode control (NFTSMC) strategy
based on a finite-time observer and an improved reaching
rate is proposed to solve the control problem of aerial
robot systems subject to actuator faults and internal and
external disturbances. In [19], a new sliding mode sur-
face-like variable-based position tracking control scheme
and a novel nonsingular terminal sliding mode-based
attitude synchronization control scheme are developed to
drive the UAV tracking the reference trajectory with
obstacle avoiding.

1.3. Contributions. Inspired by the above research, this
paper is to solve control difficulty and complexity brought
about by strong coupling. Quadrotor system uncertainties
are affected by external time-varying perturbations during
flight missions.
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Because the radial-based function (RBF) neural network
has global approximation ability, it can approximate any
nonlinear function with arbitrary accuracy and has a simple
structure and fast approximation speed, and we have
designed a nonsingular fast sliding mode decentralized
control method based on the radial fundamental neural
network in this paper. The main contributions of this work
are summarized as follows:

(1) Six interconnected subsystems were constructed
from the three pose variables and three position
variables. The uncertainty terms of each subsystem
and external perturbations are discussed as lumped
coupling terms between the subsystems. By con-
sidering that total coupling terms have upper
bounds under time-varying action, and assuming
that the upper bounds are unknown, ordinary
higher order polynomials about the six state-
tracking errors of the quadrotor, the estimates are
obtained by using the deformation of the Cauchy
inequality and the approximation power of the RBF
neural network.

(2) To overcome the strong coupling effect between pose
subsystems, pose decentralized controllers are
designed so that any attitude controller is related to
none of the other two poses and the three position
variables but only the corresponding pose variable.
When the quadrotor attitude is deflected on a certain
space surface, we can adjust only the attitude angle
on the corresponding space surface to achieve the
desired control effect, which greatly reduces control
difficulty caused by the mutual coupling of the
subsystems. In the design of the attitude decen-
tralized controller, position virtual decentralized
controllers are also designed. The total lift controller
is finally obtained according to the mapping re-
lationship between the position virtual controller
and the total lift. Then, the angular speed controllers
of the four rotors are obtained.

(3) In order to ensure that quadrotor attitude and po-
sition variables can quickly converge to the expected
value in a short time, nonsingular terminal sliding
mode control technology is used in the controller
design process. The Lyapunov theory proves the
stability of the system, and the simulation experi-
ment verifies that the proposed control method is
effective and feasible.

The rest of this paper is organized as follows: Section 2
details the modeling and problem description of the UAV
system. Section 3 shows the controller design. Section 4
shows the stability analysis. Simulation results are presented
in Section 5 to demonstrate the effectiveness of the proposed
control scheme. Finally, the article is summarized in Section
6.

Remark 1. Existing works in the literature have proposed
and implemented sliding mode controllers on real quadrotor
hardware. Considering that the actual UAV is sometimes
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implemented for new kinds of mission in which unmodeled
dynamics or disturbances are present, so as future directions,
these control strategies will be extended for systems with
unmodeled dynamics and uncertainties.

2. Problem Statement

The structure of the quadrotor UAV consists mainly of “+”
and “X” types. In this paper, an “X” quadrotor UAV is
studied. The specific structure and motion state are shown
in Figure 1. The four motors of the quadrotor provide
power, and the motor speed change controls the rotor
speed change; thus, the three positions of front and back,
left and right, up and down, as well as the three poses of
pitch, roll, and yaw are adjusted. The coordinate origin of
the ground coordinate system is the take-off point of the
UAYV, and the coordinate origin of the body coordinate
system is the geometric center of the four rotors of the
UAV. According to the Newtonian acceleration formula
and the Newton-Fuler theorem of motion, the kinetic
model of a quadrotor UAV can be described by the fol-
lowing equations which are obtained under the “small
angle approximation” assumption [14]:
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Here, Q, = w; — w, + w; — w,. The mapping between
Ups Uy, Ug, Uy, and Wy, W, W3, @, is shown in formula (3):
u, = b(wf + W+ W)+ wi),

2 2
U, = b(w4 - wz),

1 (2)

ug = b(—wf + wg),

that is,

FiGure 1: Working principle of a four-rotor UAV.
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Here, b, d are the lift coefficient and force to torque scale
factor of the rotor, respectively.

To achieve attitude decentralized control, the three
positions and three attitude angles of the UAV are con-
sidered as states corresponding to the six subsystems, rep-
resented by six-dimensional vectors, which are

T T
X :(xll,x21’x31’x41>x51’x61) =% yze0y . (4)

The first derivative of the subsystem vector is denoted as
X,, which is

T PN o
Xz:(xlz,xzz’xsz’xzmxsz’x62) =(%0.2¢,0,9) . ()

d= (d,,d,d,; d,,ds,dg)" is the external time-varying
disturbance of the subsystem.

Y, = Gav Yar Yas Yaw Yass Vao) = (X YarZas 945 O
w,)" is the expected tracking trajectory of each subsystem.
The quadrotor UAV system described in equation (1) can be
converted into the following model:

{ X = Xp» (6)

Xp =u; + A,



Here, u;(i=1------ 6) are the control inputs to each
subsystem of the system, A;(i=1:----- 6) are the total
coupling terms of each subsystem composed of external
perturbations, model uncertainty, and strong coupling terms
between the subsystems, and they are given by formulas (7)
and (8), respectively:
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In this paper, the attitude decentralized controllers named
uy, us, Ug and the position decentralized virtual controllers
named u,, u,, u; are designed for the strongly coupled four-
rotor UAV described in (1)-(8), and then, the total lift control
law is obtained through the mapping relationship of (8).

3. Controller Design

The trajectory-tracking error of each subsystem of the

quadrotor UAV is described by
€1 = X1~ Vap
{ PR T G e), )

€ = Xip ~ Vair

Here, e; = (e;,e;,)" is the model (6) that can be changed
into the following formula:

{éil =€ (10)
€n =+ A — Vg

Then, the nonsingular sliding mode surface of each
subsystem is shown in the following formula:
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I (k) 1 .(pia) .
s,-=e,»1+—ei(1 )+b—ei(1p q), (i=1,...,6) (11)
a; i

Here, a;, b, > 0 and k;, h;, p;, g; are all in positive and odd
numbers, and 1< p;/q; <2, p;/q; <k;/h;.

In order to easily represent the relationship of the
variables in the controller design process, the following

assumptions are made on the system-related variables.

Hypothesis 2. The total coupling terms of each subsystem
are bounded, and the upper bounds are unknown, ordinary
higher order polynomials for the six state-tracking errors
corresponding to the UAV position and attitude, i.e.,

M 6 k K
8= Y 3 cie(leal” #leal) (12)
k=0 j=1

Hypothesis 3. The expected trajectory of each subsystem and
its first and second-order derivatives are bounded; that is,
the existence of Y4 > 0 can make the following inequalities
hold true:

yal(lyal [ial) <Y (13)

Theorem 4. According to the dynamic model, the tracking
error for the six subsystems of the three position variables and
the three pose variables of a quadrotor robot is shown in
formula (10), the fast nonsingular terminal sliding mode
controllers are shown in formula (14), and the parameter
adaptive laws shown in formulas (15) and (16) are designed,
respectively, to ensure that the tracking error of each sub-
system converges in a finite time:
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7.|s;| when [&]| < M., The derivative of equation (19) is given by
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and 1< p;/q; <2, p;/q; <k;/h; ehla~ ,eﬁ/h 150, so we can get

i il
the derivative of V; shown by
Remark 5. As can be seen from the controllers given by

equation (14), the controllers of the three quadrotor attitude V. o<sen |14 N ((Km)=1) ) SiPi((pila)-1),
variables are only related to each attitude variable itself, - h il b,-q,- i !
which greatly improves the control performance.

Remark: As existing works shown in literature [12], the s pl 2(( pilg;)-1)
saturation function can be used to eliminate shaking vi- 4b2 261
bration when to realize sliding mode controllers in practice. o
Since in the sliding mode control, the value of the switching | silp; (bar)-1) S P
control function is in the boundary layer for most of the 0 ",1 HTVY i+ A - W, W - —E 2,
time, and the feedback control rather than the switching i i i
control is used in the control law, so the vibration is well

(21)

The Lyapunov function defining the quadrotor UAV

suppressed. system is given by
4. Stability Analysis V= iv. (22)
yhis i i are all positive and odd, and 1< p;/q; <2, p;/q; =

<k/h o) ep /371 > 0. The Lyapunov function of the i-th

The derivative of equation (22) is given by
subsystem can be defined as
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Let  fix(ej.ep) = Z] 1C,]k(|e]1| + |e]2| )>, and if  where D;(e;,e;,) are continuous functions. Therefore, the
sj|>u>1, then approximation can be performed with radial-based neural
networks, i.e.,
2
s+ 1Y Zzojszk(' el +lel) Dy(enren) = WG (e) + & (e,). (26)
, &M Here, ¢; = [e;),¢;,]" € R? is the input signal of a neural
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i=1 k=0 j=

the neural network, ﬂi is the estimate of W, and
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(24)  type basis functions, where (;; (¢;) = exp[—(e; - aij)T (e —0y))/

Let cizj] and oy, ¢; are, respectively, center and basis width pa-
rameters of the j-th neuron basis function in the hidden layer,
&; (e;) is the approximation error of the neural network, and

D;(en>e) = 6(M+ 1)? Z (frix(eien) +- + fo (e ein)) AN bP

part ' )R Je; >0, |e;(e)|<¢;, and & >0 are the estimates of ¢ and
(25) € = ¢ — ¢, The neural network model for approximating the

continuous function is shown in Figure 2.
Thus,
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F1GURE 2: Neural network learning model.
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biqir;) (Mj, + M3).

We know V is bounded from inequality (33) and the
results in literature [20, 21], and s; convergence to 0 is
achieved exponentially.

We suppose that t = t; when the subsystem reaches the
sliding mode surface, ie., s; = 0.When ¢ >t,, the dynamic
equation of tracking error of the first subsystem obtained by
equation (11) is given by
= el b,-(q’“")<1 + Le{km ) G

€
i

We deform (34) to (35) as follows:

(i) (qi/Pi)deil = —bi(qi/[h') (1 + iei(lki/h")_l> (qi/pi)dt.

€i1 i

(35)

Derivatives on both sides of (35) can obtain

e (t+at) /1 \9/Pi £, +At 1 49i/p;
) Jh—1
j — de;; = - J bl-q'/p 11+ —eil‘/h‘ dt
€ (tz) €1 t; a;

t+At
ki/h,
o

1

(36)
The following results can be obtained by (36):

ei(lPi*EIi)/Pi (t1 + At) < ei(lPi*‘Zi)/Pi (tl) _ pl; qibi(‘Zf/Pi)At’ (37)

Pi»q; are all positive and odd numbers, and 1 < p;/g; <2,
and then, (p; — g;)/ p; > 0. e;; is in the process of convergence
to 0; ie., €, < l,ei(f"_q")/P" (t; + At) decreases monotonically
as At grows. It is assumed that the subsystem converges to

0 after reaching the sliding mode surface for ¢ time, i.e.,
ei(lp‘_q‘)/p" (t, +t,) = 0. Thus,

1 NG/Pi 4 N
sl Pl ), )

In summary, the tracking error e¢;; of thei —th(i=1---6)
subsystem can then converge rapidly to zero in finite-time ¢ ..

5. Simulation Results and Discussion

To verify the effectiveness of the nonsingular fast terminal
sliding mode neural network decentralized control
(FTSMNNDC) method designed for the quadrotor UAV
described in (1), this section will then test the control al-
gorithm by simulation based on the numerical analysis
method. The number of neurons in the hidden layer of the
neural network is 6, and the j-th neuron basis function
center and the base width parameter are taken as

0y =c;=005 (i=1,2---6,j=1,2-6). (39)

1

The physical parameters of the quadrotor UAV are
shown in Table 1 [14]. The settings of the position, posture,

TaBLE 1: Parameters of the quadrotor UAV.

Parameters Numeric values
M 1.1kg

G 981s2-m
l 0.2l m
I,=1I, 0.022 Ns?/rad
I, 0.022 Ns?/rad
I, 0.02 Ns?/rad
L=hL=1L 0.001 Ns/m
I=1s=1 0.0012 Ns/m
B 5Ns?

D 9 x 1072 Ns?

TaBLE 2: Initial position and attitude values of the quadrotor UAV
and their respective reference tracks and angles.

Parameters Numeric values

x(0) (x4 (0)) 0m

x(0)(x,(0)) 0m/s

¢(0) (x4 (0)) 0°

xq (Y1) 0.5 sin (0.5t)m

|7} 15°sin (0.5¢)

¥(0) (x5, (0)) 0Om

7(0) (x5, (0)) 0m/s

0(0) (x5, (0)) 0°

Ya(Va) 0.5 cos (0.5t)m

64 15° sin (0.5t)

z(0) (x31 (0)) Om

2(0) (x5, (0)) 0m/s

(0) (x¢, (0)) 0

24 (Yas) { (t+1)m, whenz; <Y 4,
(=t +2Y;)m, whenz;>Y;.

Va 15° sin (0.5¢)

TaBLE 3: External disturbances and torques.

Parameters Numeric values

d, (1) —0.04[1 + sin (0.37t)|]N
d, (1) 0.024[1 + sin (0.37t)|N
d; (t) —0.024[1 + sin (0.37t)]N
d,(t) —I,[1 +sin(0.27t)]N-m
ds (1) Iy[l + sin (0.27t)[N-m
dg (t) —2I,[1 + sin (0.27t)]N-m

TABLE 4: Relevant parameters of the controller and the adaptive
laws of the parameters (i =1---6).

Parameters Numeric values

k; 5

Y 0.5(i=1,2,4,5,6),
di 10(i = 3),

r; 0.1

h; 3

N 3

T; 0.1

bi 11

a; 0.2

My, 1

qi 9

b; 0.25

M 1
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FIGURE 3: Position-tracking error response curves: (a) tracking error in the x axis; (b) tracking error in the y axis; (c) tracking error in the z

axis.
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FIGURE 4: Attitude-tracking error response curves: (a) tracking error of the pitch angle; (b) tracking error of the roll angle; (c) tracking error

of the yaw angle.

attitude, and reference heading angle are shown in Table 2
[9]; considering that the altitude of UAV flight is limited, the
trajectory of z,;(y4;) is optimized on the basis of literature
[9] as follows:

t+1,
—t +2Y 43,

whenz, <Y 4, (40)

z4(ya3) = {

when z;>Y 3,

where the constant Y ;; > 0 is the highest flight altitude that
the drone can reach. External unknown perturbations are
shown in Table 3 [9], and the relevant parameters of the

designed controller and parameter adaptive laws are shown
in Table 4.

In order to verify that the designed decentralized control
method has better performance, the nonsingular fast ter-
minal sliding mode neural network decentralized control
(FTSMNNDC) method and finite-time adaptive integral
backstepping fast terminal sliding mode control (FT-
AIBFTSMC) method proposed by literature [17] are com-
pared for simulation analysis.

Figures 3 and 4 show the three-channel position tracking
error response curves and the three-channel attitude angle
tracking error response curves of the quadrotor UAV under
two different control methods, respectively. The comparative
analysis of two different control methods is conducted from
two aspects:
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FIGURE 6: The angular velocity response curves of each propeller: (a) the angular speed of the first propeller; (b) the angular speed of the
second propeller; (c) the angular speed of the third propeller; (d) the angular speed of the fourth propeller.

(1) Tracking speed: Although both methods can track
the desired track for a limited time, it is clear that the
proposed method is much faster than the literature
[17] method. In this paper, we have proved that e;; is
in the process of convergence to 0, i.e., e;; < 1. From
formula (38), we can obtain that as long as

_ -(pila;)
b, > (Pi qi) _
Ppi

(41)
Then,
(42)

. (pila:) )
t, 3(1/? _q. p’e,.(ll’(p"/q")) (t)<1.

So the three position variables and the three attitude
variables can effectively track the desired track
within 1s. Indeed, since e;, is close to 0, ej; (1) is
much less than 1; therefore, ¢, is much less than 1,
and the tracking error converges to 0 almost in-
stantly. The simulation results also confirm this
conclusion very well. While simulation conclusions
in [16] show that the fastest tracking speed of

literature [17] is close to 5s, the slowest tracking
speed is nearly 30s.

(2) Tracking effect: Both methods have a good tracking
effect, and both can ensure that the tracking error is
close to zero, but the proposed method of this paper
is more stable.

Figure 5 shows the quadrotor position and attitude
virtual decentralized controller and the resulting total lift,
rolling torque, pitch torque, and yaw torque. In simulation,
the controllers are chosen by formula (14), whose param-
eters are given in Table 4.

Figure 6 shows the control inputs for the actual angular
velocity of the four propellers obtained by mapping equation
(2). It can be seen that the actual control inputs of both the
virtual decentralized controller and the actual control inputs
of the propellers are bounded, which meet the requirements
of the actual control task.

6. Conclusion

This paper designs the attitude decentralized controller and
the position virtual decentralized controller for the strongly
coupled and insufficient driven quadrotor UAV which is
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disturbed by the external wind field. It reduces the control
complexity caused by external interference and the coupling
of the system itself and improves the control performance of
the controller. By making a comprehensive use of the
nonsingular fast terminal sliding mode technique and the
neural network approximation technique, we accelerate the
trajectory-tracking speed of the controller and enable the
proposed controller to quickly track the desired trajectories.
The simulation results not only show the effectiveness of the
proposed control scheme but also show the faster and more
accurate tracking performance by comparing with the
existing research results.

In the next step, we will further study the design of
effective controllers if the quadrotor actuator is limited or
the UAV attitude and track state cannot be observed.

Abbreviations

E (e, € e,): The ground frame

O(x,y,2): The body frame

X, y,2: Displacement of the UAV
during a horizontal forward,
horizontal right, and vertical
upward movement, m

X, y,2: First derivative of x, y,z, m/s

X, ¥, 2: Second derivative of x, y, z,
m/s>

9,0, v The roll, pitch, and yaw angles

@, 0,y: First derivative of ¢, 0, v

.0, Second derivative of ¢, 0, y

The rotation speeds of the four

rotors, rad/s

b: The lift coefficient of the rotor

F=bw}(i=1---4): The four lifts provided by the

four rotors, N

The corresponding position in

the body coordinate system of

the UAV when flying

uy: Vertical upward control law of

the total lift of the body, N

Rolling moment, pitch

moment, and yaw moment

inputs, N

The position decentralized

virtual controllers, N

The attitude decentralized

controllers, N.m

The total coupling terms of

each subsystem composed of

external perturbations, model

uncertainty, and strong

coupling terms between the

subsystems

m: Total mass of UAV, kg

I,: The moment of inertia of the
three axes, Ns?/rad

I Propeller inertia, Ns*/rad

The drag coefficients, Ns/m

wl, wZ, w3, C()4:

q(x, y,2):

Uy, Ug, U

"

Uy, Uy, Uzt
u4, MS, u6:

A(i=1---6):

d(t), (i=1---6):

_ T
X, = (xll,xZDx}l’x4l’x5]’xél) .

= (%,0.2,0,6p)"

X, = (xlz'xzz,x32,x42,x52,x62)T_
= (%,5,%.0,0,9)"
T

d = (d),dy,d;,dy, ds, d)
Y, = Oav Yar Yas Yaw Yas Yas)".
= (X Yar 2> P O W)

T
e = (e,e,)
st

a; by, ki, by, pi> q;:
Cijk:

Yd'l

1

sgn ():
sat():

T
W = (Wyj Wois oo, W)

Ei (gl)
Cij (e):

03> Gy

ij>

My, Mz, T:

Data Availability

Complexity

The external unknown time-
varying perturbations, N

(i=1---3), Nm (i=4---6)
The distance from the center of

the drone to the center of the
rotor, m

States corresponding to the six
subsystems, represented by six-
dimensional vectors

The first derivative of the
subsystem vector

The external time-varying
disturbance of the subsystem

The expected tracking
trajectory of each subsystem

The trajectory-tracking error of
each subsystem of the
quadrotor UAV

The nonsingular sliding mode
surface of each subsystem
Sliding mode surface
parameters

Coefficients of the quadratic
function

Upper bound for tracking
traces and their first and second
derivatives

The symbolic function

The saturation function

The optimal weight of the
neural network

The estimate of W
Estimation error of the neural
network weights

The basis function vector of the
neural network

Basis functions

Center and basis width
parameters of the j-th neuron
basis function in the hidden
layer

The approximation errors of
the neural network

Upper bound for the neural
network approximation error
The estimates of ¢;

Estimation error for the upper
bound of the neural network
approximation error

The parametric adaptive rates
of the neural network weights
and approximation error

The design constants.

No data were used to support this study.
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Additional Points

The parameters of UAV refer to the parameters commonly
used in the existing research literature. The initial value of
neural network approximation and the design parameters of
the system are selected within the conditions of the design of
the controller.
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