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Abstract: With the aim of addressing the problem of the trajectory tracking control of quadrotor
unmanned aircraft robots (UARs), in this study, we developed a neural network and event-triggering
mechanism-based adaptive control scheme for a quadrotor UAR control system. The main tech-
nologies included this scheme are as follows. (1) Under the condition that only the quadrotor’s
position information can be obtained, a modified high-gain state observer-based adaptive dynamic
surface control (DSC) method was applied and the tracking control of quadrotor UARs was acquired.
(2) An event-triggered mechanism for UARs was designed, in which the energy consumption was
greatly reduced and the communication efficiency between the system and the control terminal was
improved. (3) By selecting appropriate parameters, appropriate initial conditions for the adaptive
laws, and establishing a high-gain state observer, a tracking performance of L could be achieved.
Finally, simulation results of the hardware-in-loop strategy are presented. The control method we
propose here outperformed the traditional backstepping sliding mode control (BSMC) scheme.

Keywords: quadrotor control system; dynamic surface control; event-triggered

1. Introduction

The problem of controlling quadrotor systems has recently attracted significant at-
tention. It has been commonly applied in the fields of rescue missions and agricultural
service; however, a problem continues to disrupt the control of quadrotor systems [1-4].
Because of factors including measurement errors, quadrotor unmanned aircraft robots
(UARs) are modeled as complex nonlinear systems, which increases the difficulty involved
in controlling these systems [5-8]. Therefore, the question of how to choose a reasonable
and effective adaptive algorithm for the accurate control of quadrotor UARs has become
an urgent problem.

In practical applications, external disturbances are always ignored in the process of
controller design, which results in lower system robustness. Thus, the design of the con-
troller is the key to obtaining a good performance in trajectory tracking under the influence
of external disturbances. In [9,10], a proportional-integral-derivative (PID) controller pro-
vided active interference suppression by combining active disturbance rejection technology
with the PID control method to ensure the rapid observation of errors. In [11], the uncer-
tainty and the model’s measurement noise were generated by means of a neural network
approximator. A robust compensator was proposed to eliminate any approximation errors
and achieve effective high-precision trajectory tracking control. In [12-15], to improve the
control precision of a quadrotor system, an algorithm based on the BSMC approachwas
proposed, which overcame the nonlinear effects of the quadrotor.
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However, another problem remains, in that a “differential explosion” can occur when
the design of the controller steps relies on the BSMC control scheme.To deal with the
differential explosion problems, refs. [16,17] combined the extended state observer and the
dynamic surface schemes to propose a control method for quadrotor trajectory tracking,
which ensured the stability of the control system and effectively solved the differential
explosion problem. In [18], a dynamic model of quadrotor flight height was established.
Ref. [18] achieved this by comparing the traditional first-order SMC algorithm with the
second-order SMC algorithm to obtain a new quadrotor height control algorithm. However,
the proposals introduced thus far involve strong assumptions and require all states of the
quadrotor to be available.

In addition, the process of signal transmission also has an important role in the
quadcopter control system. In [19], to cope with the high-pressure problem of constant
signal transmissions from the quadcopter and the console, a control scheme based on a
fixed-time-triggered mechanism was introduced into the steps of controller design, which
relieved the communication pressure by using periodic transmissions to update the control
signals. However, when the control performance is unsatisfactory, a method used to
improve the control performance is to reduce the sampling period. At present, if the control
signal is still updated at the previous frequency, this inevitably leads to unwanted resource
waves [20]. In [21,22], control schemes based on an event-triggered mechanism were
applied to cope with the fixed-time triggering approach, which showed good performance.

The previous trigger moment influences the event-triggered mechanism and deter-
mines the next trigger moment. At the time of triggering,the console and the quadrotor do
not need to communicate; therefore, the communication pressure of the quadrotor can be
decreased. However, the event triggering mechanism may suffer from Zeno behavior, in
which the trigger event can be triggered numerous times in a narrow timeframe [23-25]. In
relation to this issue, the basic properties of the minimum event-triggered intervals in event-
triggered mechanisms were studied in [26]. In [27-30], the event-triggered mechanism was
introduced into the design of the controller, which greatly reduced the transmission pres-
sure of the control signal. Therefore, a feasible method involves adding an event-triggered
mechanism into the process of controller design for quadrotors in order to decrease the
pressure of quadrotor communication. The application of event triggering mechanisms has
been examined in several studies with respect to the controller design process for quadrotor
UARs. However, the authors mentioned above, such as [22], have not considered the
problem of quadrotor position tracking control when a quadrotor UAR can only measure
its position in relation to certain pieces of information.

In summary, many algorithms have been developed to solve control problems related
to quadrotor UARs. However, according to our recent search results, coping with the
control problems of quadrotor UARs remains a challenging issue. To solve these problems,
based on [12,13,20,31], a neural network and event-triggering-mechanism-based adaptive
control method for a quadrotor UAR control system is proposed in this paper. An unknown
air drag coefficient, aerodynamic drag coefficient, and rotational inertia are approximated
by means of a neural network. The trajectory tracking control of a quadrotor UAR’s
positioning is achieved by means of the DSC technique and a controller design involving
state feedback. The trajectory tracking control of a quadrotor UAR’s attitudeis addressed
by means of an output feedback controller. The main innovations of this paper are:

(1) To our best knowledge, for the first time we present an adaptive DSC scheme with a
modified high-gain observer that has been designed for quadrotor UARs under the
condition that only the position data of the quadrotor system are available, along
with the testing of the quadrotor UAR controller in the hardware-in-loop simulation
platform. Thus, the underactuation problem in quadrotor UARSs is perfectly solved,
and precise tracking performance is obtained.

(2) By designing an event triggering mechanism for quadrotor UARs, the control signal
can be updated immediately when threshold conditions are triggered. Therefore,
compared with the time-triggered control mechanism, the energy consumption can be
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greatly reduced, and the communication pressure between the system and the control
terminal is lowered using the event triggering mechanism.

(3) By setting the original conditions of the high-gain state observer, adaptive control
laws, and the appropriate controller parameters, a tracking performance of L, for
underactuated quadrotor UARs is achieved.

2. Problem Statement
2.1. Model Construction

The quadrotor body coordinate system and ground coordinate system are shown in
Figure 1, wherein the quadrotor has a total of six degrees of freedom in the output, with
translational degrees of freedom in three directions and rotational degrees of freedom in
three directions. Moreover, the thrust of the UARs is produced by four motors, which
located at the corners of the quadrotor body. Among these, F, and Fy are driven by two
positive propeller motors, and F; and F3 are driven by two anti-positive propeller motors.
However, this structure leads to the need for the balancing of yaw torque as required. For
example, under the condition in which the lift force is greater than the quadrotor’s mass,
the quadrotor will rise vertically when increasing the output power of the four motors at
the same time. Moreover, if F, > F;, F| = F3, a pitching motion will be observed and the
machine will exhibit translational motion along the y-axis. Hence, by adjusting the speed
of the motors, attitude control and position control of the UAR can be attained.

F4 % F3
X Yaz) pitch Y

roll X Z, Y.

F1 F2

Figure 1. Quadrotor body coordinate system and ground coordinate system.

Faced with the control problem of quadrotor UARs, here the rigid body transdynamics,
as well as the Newton-Euler equations are used to model the quadrotor. We have [¢, 0, ¢] €
R3 and [p,q,7] € R3, with ¢, 0, ¢ designating the roll, pitch and yaw angles with regard
to the ground coordinates, which are represented by Ox,y.z., and p, g, r are the angular
speed the of roll, pitch, and yaw movements with respect to the body coordinates, which
are denoted by Oxpy;z;,. An explanation of the other symbols is given in Table 1. To clarify
the connections among the inertial coordinate system and the body coordinate system, we
use conversion equations. Choosing the x-axis as an example [32]

X=x,

Y = cos ¢y — sin ¢z, (1)
Z = sin¢y + cos ¢z,
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where X, Y, Z are the inertial coordinate system and x, y, z are the quadrotor body coordi-
nate system. The transformation matrix can be expressed as

1 0 0
R(x,¢)= 1| 0 cos¢p —sing ()
0 sing cos¢

Table 1. The notation for the quadrotor.

Symbol Nomenclature
F,i=1,2,3,4 Lift force
Kx, Ky, Kz Unknown coefficients of air resistance
m Mass of quadrotor
< Acceleration of gravity
@ Relative speed of the cross-coupled rotor
Iy, Iy, I Rotary inertia for all axis
I Moment of inertia for all motors
dg,dg, dy Coefficient of unknown aerodynamic drag
) Distance from the center to the rotor
17,1=1,2,3,4 Torque
dx(t), dy(t), dz(t),d1(t), da(t), d3(t) Bounded external disturbances

The rotation matrix of the Y axis and the Z axis can be obtained as follows:

cosf 0 sin6

Ry6)=| 0 1 0 €)
—sinf 0 cos#@

cosyp —siny 0

R(z,) = | sinp cosyp O 4)
0 0 1

Then the overall conversion relationship between the inertial coordinate system and the
body coordinate system is:

cos 6 cos ¢ A C
R(¢,0,¢) = | cosBsiny B D 5)
—sinfl  cosfsin¢g cos¢cosf

with A = cossin¢sinf — cos ¢sinyp, B = cos ¢ cosyp +sin¢sinfsinyp, C = sin¢siny +
sin¢g cos P sinf, D = cos ¢ sin sinyp — cosysing. Fg = F; + F, + F3 + F4. Then, the motion
model, as well as the angular motion of the quadrotor with respect to the ground coordinate
system, can be expressed as:

I
o

sin¢ sin ¢ + cos ¢ cos Psinf) — KxX| /m + dx(t
Fg(cossinOsiny — cos ysing) — Ky Y| /m + dy (t)
Fg(cospcost) — KzZ —mg|/m +dz(t) (6)
p(Iy — 1) — 1,00 — dpp + 1(Fy — F2)] / L + d1(t)

p(L — L) — LO@ — dgb + I(F3 — Fy)] /I, + da(t)

$O(L — Iy) —dpp + (o + 1w — 11 — 13)] /L + d3(t)
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with @ = wy + w4 — wy — w3. We can determine thatxx 1 = X, xx2 = X, xy1 =Y, xy, =Y,
Xz1=2Z,Xz0 = Z, X1 =¢,x = (f), xX3=0,x4=10,x5 =1, x5 = l/) Then, Equation (6) can
be rewritten as follows

Xx1 = XXx,2,
Xx 2 = (cos xq sin x3 cos x5 + sin xq sin x5) Uy — ayxx 2 + dx(t),
Xy1 = Xyp,
Xy = (cos x1 sin x3 sin x5 — sin x1 cos x5) Uy — apxy o + dy (1),
Xz1 = Xz2,

X702 = (cosxjcosxz)Uy —asxzo+dz(t) — g,
vi=xi1,i=X,Y,Z,

= 1y, @)
Xp = AuX4Xg + aswxy — agxy + Uy + dl(i’),

X3 = X4,

X4 = AyXpXe + agwxy — agxy + Uy + do (1),

X5 = X6,

Xe = a1gX2Xx4 — a11%e + Uz +d3(t),
]/] = x2*j71/]. - 1/2/3/

with a1 = Kx/m, a, = Ky/m, a3 = Kz/m, ag = (Iy — IZ)/IX, as = I, /Iy, ag = d(p/lx,
a7 = (L, — L) /1y, a8 = I,/ 1y, a9 = dg/ 1y, a10 = (Ix — 1) /I, a11 = dy/ I, are unknown;
Uy, Uy, Uz and Uy are the control inputs, wherein Uy = I(F, — F) /Iy, Up = I[(F5 — Fl)/Iy,
W=m+u—nm-w)/L U= F +h+FEB+kE)/m

Remark 1. It should be noted that the bounded external disturbances dx (t), dy(t), dz(t), d1(t),
dy (), and ds(t) considered in this paper could denote the force of the wind, wind gusts, noise,
electromagnetism, and bad weather while the quadrotor system is working.

2.2. Radial Basis Function Neural Networks (RBFNNs)

In this work, under Lemma 1, any continuous function on the compact sets can be
approximated by applying the RBFNNSs.

Lemma 1 (see [33]). With f;(C;) : Qg — R,i = X,Y,Z, are smooth and Oz, C RY being
compact sets, ¢; represents the RBFNN's input, and q is the input dimension for any e, > 0, by
properly selecting nj; and ¢ € R,k =1,..., N, then, for some sufficiently large integer N, an
RBENN is factored in and expressed as:

fl(gl) = 1)[}?(61)191* +e,i=XY,Z
Vi € Qf, C R, [ei] < e 8
where Y;(G;) is the output of the RBFNN, and 0} denotes the optimal weight vector of 9; and is
expressed as 9] = arg ﬁrirelig}\l{supgieﬂéi 1Y; (&) — fi(gi)|}, Pr(8) = exp(—%). This is the

basis function, where 1 > 0 serves as the width of the basis function and ¢ € R is the center of the
basis function, which serves as a constant vector, with ¢; representing the approximated errors, with

ei = fi(G) — 7Ty (C).
For proof, let

Ux=(cos x1 sin x3 cos x5 + sin x1 sin x5)Uy
Uy=(cos x1 sin x3 sin x5 — sin x1 cos x5) Uy 9)

Uz=(cos x1 cos x3)Uy,

and fx(x) = —ay1xx2, fy(x) = —asxy, fz(x) = —azxz,. Therefore, (7) can be expressed as
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xXx1 = XX2/
Xx2 = Ux +fx(x) + dx(f),
Xy1 = Xyp,
Xyp = Uy + fy(x) +dy(t),
Xz1=Xz2,
Xzp=Uz+ fz(x) +dz(t) — g,
yizx,'/l,iZX,Y,Z, (10)
X1 = X2,
Xo = A4X4Xe + A5x4 — apXz o + Uy + dl(t),
X3 = Xy,
X4 = ayxoXxg + agwxy — agxy + Uy + dz(t),
X5 = Xe,
Xe = ajoxaxy — ap X + Uz +ds(t),
y] = XZ*]',l,]‘ = 1,2,3.

Note that the air drag coefficients are Ky, Ky, Kz, whereas the continuous functions
represented by system parameters a1, 4p, and a3 are also unknown. Thus, the above proof
can be approximated by means of RBFNNs in Lemma 1.

To define xs,, it is important to define the desired trajectories of the yaw angle. The
next step is to realize the control scheme. To achieve this, the following assumptions are
required [34]:

Al: The reference trajectories are y,;,i = X,Y,Z, and x5, are the smooth and bounded

functions, [y, ri, ym-]T, which are part of a set of known compact, (3 when t > 0.
A2: The external disturbances can be represented as d;(t) < d;, wherein d; are positive

constants, i =1,2,3,X,Y, Z.

A3: The angles of roll and pitch are limited to (—7/2, 71/2) in accordance with the physical
meaning. In particular, the yaw angle range of (—7/2,71/2) was selected for the
purposes of this study.

3. Proposed Methodology

In this paper, we present a neural network and event-triggered-mechanism-based
adaptive control method. The architecture of the control method is presented in Figure 2.
The output-feedback controller is designed to achieve the position model part from the
quadrotor. The part of the model related to the attitude of the quadrotor can be realized
using the state-feedback method.

State L XY Z
Observer B
Output-feedback
M’ Dynamic Surface
Controller
+www
Desired Inverse U, drot XY.Zy
. —
T 3 Transformation Qua rotor
rajectory
y 4o
State-feedback .0,y
_Wrb Dynamic Surface |«———
Controller #,0,y
Event-Triggerd U,Un,Us ’
Mechanism

Figure 2. The architecture of the proposed control method.
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3.1. Controller Design for Positioning Trajectory Tracking

The position model of the quadrotor is expressed as follows:

%= Apxi + YT (&) + ¢ + Dy (t) + G; + b
Yi=Xi1 (11)

. [ 071, [0]ler_[O 07 _ [0 _
L P O A E TR P
0

Gy = [ 0 :|/GZ_ [ _Og :|,D,'b(t)_ [ dl(t) ],i—X,Y,Z.LetBi—ei+Dib(t)+Gi,and

Ajg=A;— qieiTl = { _Zi’l (1) ], where g; = [ Zi’l }, and A; denotes a Hurwitz matrix
’ —qi2 i2
determined by selecting the proper vector g;. It follows that

i = Ajox; + qiyi + YT ()87 + B; + billip
yi=elx,i=XY,Z (12)

Inspired by [4,35-37] the high-gain K-filter observer is used to estimate the unmea-
sured states, and the K-filter observer is designed by:

B0 = kiAipvip + A7 e Uig
Gio = kiAioGio + kiqiyi (13)
B = kiAijoBi + A7,

where i = X,Y,Z, k; > 1 denote the positive design parameters, and ¢;, is the second
coordinate vector in R? with
A; = diag{1,k;}. (14)

From (13) and (14), the estimated state vector is used as follows:
2 = Digio + Divig + AED; . (15)
Then, for the estimation error we can obtain:
€ = x; — X, (16)

with:
€ = x; — X; = Aje; — kiAigiein + B (17)

where €; 1 is the first entries of €;. Since ¢} is unknown, the actual states can be estimated
with the estimated value ¢; of 9, and it follows that:

ki = Digio + Divig + AED;. (18)
Lemma 2. The quadratic function can be described by:

Ve, := €] Pe; (19)
T _ o
with P; = <A71> Pl-Ai_l, wherein P; = PT > 0 is a positive definite metrix, which satisfies

1

AlgPi+ Pl Ay = -2, (20)
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For k; > 1, it follows that:

. ki
Ve < ———— V. +k
€ /\max(Pi) ‘i l(

Pi1|||B;
H l””klemax )2. (21)
1

Proof. Please see the proof of Lemma 2 in Appendix A. [

Design of Controller with Dynamic Surface Control Method
Step 1: The error from the first surface can be expressed as

Si1 =VYi— VYri- (22)

Then, S',',l is defined as
Sixn =i — Yri = Xi2 — Yri- (23)

From (16), we have:

Xip = Xip + €
= kiGi (02) + kivi02) +KkiBi2)0] +€ip (24)

where 51‘,(2) denotes the second row of &;. Furthermore, we have
Si1 = kiGi 0,0) + kivi(0,) + kiZi(2)8F + €i2 — i
= kiGi02) T ki (Ui,(o,z) - ?7i,(o,2)) +kiGi (0,2) + kiZi 2)07 + €i2 — Yri (25)
where 7; g 7) denote the signals of virtual control. It follows that
Ui02) = (_li,lsi,l —kigi02) — &iTkiE,,T(Z) +y'n'> /k (26)

where /; 1 are design constants and ¥, is the estimated values of 0.
¥; denotes the update law, which is expressed as

B =79, {kiaz(z)si,l — 0y, 191'] (27)
Let 7; (o 2) be expressed as the first-order low-pass filter input; it follows that:

zip + TiaZia = 0j02),2i2(0) = 0j(02)(0) (28)

Step 2: Let S; be expressed as

Si,2 = vi,(O,Z) — Zz"z. (29)
Then, S;, is defined as
Sip = —kiqipv;01) + ki Wi — 2. (30)
The final control law is obtained as
Uip = ki (ki%,zvi,(o,l) —lipSip + Zi,n)- (31)

Then, the event-triggered-mechanism-based adaptive controller can be expressed as

1

. k1S, 5.
Ui(t) = Uip — gi,1fanh<%>, (32)



Machines 2022, 10, 617 9 of 23
The trigger events are expressed as:
ui(t) = Hi(tn)/Vt € [tn/ tn-l—l)/
ber = inf{t > tullei(t)] = g}, (33)

where t,,n € Z",p; > 0,g;1 > g; denote the designed parameters, which are positive, and
e;j(t) = U;(t) — U;(t) represent the errors of measurement. When the trigger events occur,
then the control signals U;(t) are updated to U;(t,, 1) and the control signals U;(t) = U;(t,)
are satisfied when t € [ty t,11).

According to (9), it can be seen that Ux, Uy, Uz denote the designed control signals.
However, there are four variables in (9) , which are given as x1, x3, x5 and Uy, respectively.
These four unknown variables must be calculated. However, it is commonly known that the
above unknown variables can not be solved by means of three equations. For this reason, an
extra signal must be provided in the control scheme. In this paper, the yaw angle, which is rep-
resented by xs,, is given and the designed control signal U3 guarantees that the state x5 will
converge to the reference xs,. Then, reference signals x1,, x3, of x1, x3 and Uy can be obtained
by solving Equation (9) as follows: x3, = arctan((Ux cos x5, + Uy sinxs,)/Uz), x1, =
arctan((Uy sin x5, — Uy cos x5, ) cos x3,/ Uy ), Uy = Uz / (cos x1, cos x3;).

3.2. Controller Design of Attitude Trajectory Tracking

The mathematical model of the quadrotor’s attitude can be rewritten as:

Xo4j—1 = X2xj

do.j = O Ty + Ujo +dj(t) (34)
Yj = X2xj—1
. T T T
where j = 1,2,3, Oy, = [a4,05a6] , On, = la7,a8,a9] , On, = l|ag,a11],

T T T
Loy = [xaxe, —@x4, —x2]", Ta, = [x2X6, @x2, —x4]", Tay = [x2x4, —X6] -
Step 1: Define the error of the first surface as:

524j-1 = X24j—1 = X(24j— 1) (35)
For analysis, let Lyapunov functions be defined as:
Vauj1 = 15§*4_1- (36)
2 4K
Then, the time derivatives of V5. yield
Vauj1 = S24j-1524j1
= Sp4j-1 (x2*j - x(z*]’)d> + 524j-1X(24j)d — S24j-1%(24j— 1)1 (37)
Based on the virtual control law x (5,4, it follows that:
X2sj)d = —k2xj—1524j-1 + X(24j—1)- (38)
We define z5,j, which can be acquiredby a first-order low-pass filter. It follows that
Z04j + 124224j = X(24/)d 224j(0) = X(24)4(0) 39)

where x(3,/)4 and 15, represent the input as well as the positive time constants of the
first-order low-pass filter, respectively. We have

Vauj—1 = S24j-1(S24j — Kauj-1524j-1) + Sasj-1Y24)- (40)
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Step 2: Define S,,; as
S2sj = Xo4j — Z04j- (41)
Then, the time derivatives of Sy,; yield
SZ*j = Xo4j — Z24j
= @era]. + Uj +dj(t) — 2os- (42)
Define the following Lyapunov functions as:
1., 1 -,
%j
Then, we have:
L 1 11
Vauj = 524j524j + a®aj®aj
j
. 1 714
:Sz*]-((azjl”aj + U]-,O + d](t) — Zz*]‘) + 77(9"]‘"]'@“/" (44)
%
Therein, the final control law can be obtained as follows:
Ujo = —kaxjSaxj — 52*]- - @eraj + Z04j (45)
where z%j are updated by:
®tx]- = r@aj (F,Xj Sz*j—O'@aj C:)a]) . (46)

Then, the event-triggering-mechanism-based adaptive controller can be expressed as

U]',O — l[_J] tanh (SZIP]> ] , (47)

U](t) = (1 +5]) ,B]

and the trigger events are designed as follows:

Uj(t) = Uj(te), Yt € [ty trsn),

byt = inf{t > K e;.(t)‘ >5,U(t) +¢j}, (48)

where t, k € Z*,j > 9,0 < 6 < 1,97 > 0,; > ;/(1 — 9;) are the positive design
parameters and e;-(t) =U;(t) — U;(t) are the errors of measurement.

3.3. Loo Performance and the Stability of the Control Scheme

Let the errors from the output and input of the first-order low-pass filters be expressed as

Yip =zi2 — Ui 02,1 = X, Y, Z,

Youj = 224 = X(24j)ar] = 1,2,3. (49)
One has
Yip = *% + (li,15i,1 +kiCi0,2) + [ki@iﬁﬂz)]l - yri) /ki (50)
Yoxj

Youj = T + k152451 — X (24j-1)r- (51)
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Then, we have

yi,Z + % S Bi,2<5i,1/]/i,2/ 5i1yrir]]ri']7”)’ (52)
L,
Yoo+ 2| < Bz*f(SZ*J’—lr?/Z*j'k(2*J'—1)’)’ ©
TZ*]'

where B;, and By,; are continuous functions.
Then, from (25) and (26), (30), (36), (40) and (42), one has

Si1Si1 = —li1Sh +k;Sia(Sia+yia) — 87 2] ) Sia +€;55i1 (54)
Si2Si2 = — kiflipv; (01)Si2 — 22Si2 + ki 'UiSiz (55)
S24j-1524j-1 = S24j-1(S2uj — kauj—1524j-1) + Sasj-1Y24j (56)
S94jS24j = Sauj (@)zjfaj +Uj+dj(t) — 792*]') (57)

whereini = X,Y,Z,j = 1,2,3, €;,, denoting the second row of €;. Then, we can obtain the
Lyapunov function as:

V= 2(%5%,1 + 582+ 5y, + ﬁl_ﬁfﬂi + Vei) + 2]6:1 %512 + 2]3’:1 (zréwj ®§j + %y%*])- (58)
Therein, (:),Xj = (:),Xj — @,X]., 0 = 91- —07,i=X,Y,Z,and j = 1, 2, 3 denote the estimation
€errors.

Combining the results of the above control schemes, we can observe the following.

Theorem 1: According to the quadrotor model given in (10) and the adaptive control
laws containing the unknown parameters in (27) and (46), as well as the actual control
signals obtained through the event-triggered mechanism in (32) and (47), if V(0) in (58)
satisfies V(O) < Gy, wherein G; can be arbitrarily given as a positive number, then all
signals in the quadrotor systems are semi-globally uniformly and ultimately bounded,
which can be made arbitrarily small by choosing the fitness design parameters k;, [; 1, 1; 2,
9, 08.s kz*]-,l, ko jr r@a]_, U@a]_, along with the time constants 7;,, as well as 7,,; In addition,
the Lo, norm of the tracking errors S; 1, 52*]',1, i=2X,Y,Z,j=1,2,3 can be made arbitrarily
small by applying the technique of initialization.

Theorem 1. In the event triggering mechanism, there must be a time interval >0 satisfying
thy1 —tn > t/,Vn € 7%, which indicates that the time interval has a lower bound.

Proof. Please see the details about Theorem 2 in Appendix A. [

4. Experiments

The hardware-loop platform was used for testing the proposed control method.
Figures 3 and 4 show the environment used for the actual experiment and the structure of
the experimental system, respectively, where the following components were included: (1)
a rapid control prototype (RCP), (2) a real-time simulator (RTS), (3) an adapter plate, and
(4) a host computer.

Remark 2. It should be noted that the control system was implemented in the hardware-in-loop
simulation stage, as shown in Figure 3 (page 12), where the whole experimental platform was
composed of four parts, namely, a real-time simulator (RTS), a rapid control prototype (RCP), an
adapter plate, and a host computer. Compared with simulations conducted only on a host computer,
hardware in the loop simulations are closer to actual physical control experiments conducted in
real-world applications. In future works we will focus on field-testing the control of quadrotor UARs
in the real world.
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Host computer

Figure 3. The environment used for the actual experiment.
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Figure 4. The structure of the experimental system.

In the experiment, the reference trajectories {X;, Yy, Z4, 9} were selected as
{cos(t),sin(t),0.5t,0}. The parameters of the control model are shown in Table 2.

Table 2. The design parameters of the quadrotor.

Symbol Value Units
m 14 kg
k 2.98 107N - s2 - rad 2
[ 0.2 m
T 1.14 107’N - s2 - rad 2
dg, dg, dy 1.2 107N -s? - rad 2
Tx 1.8 N-s? rad?
Ty 1.8 N -s?-rad 2
J2 24 N-s?-rad 2

Remark 3. It should be noted that the instantaneous position of the quadrotor can be tracked
accurately by looking for the experimental data at the corresponding time, and the real-time control
based on the DSC method can also be achieved on the hardware-in-loop simulation platform.

For the high-gain-state observer in (13) we have A;y = { _Zi'l (1) ], G =q= [ g ],
—qi2

|1 o 1|1 0 .
q3—[10 ],kl—Z,Ai —[0 1/ki],z—X,Y,Z.



Machines 2022, 10, 617

13 of 23

The control algorithm parameters were chosen as follows: Ix1 = 16, Iy = 56,
Iz1 =10,1x> = 48, Iy, = 168, 175 = 100, ky = 20, ko = 60, k3 = 20, ky = 60, ks = 10,
k6 = 26, Yox = Vo, = V9, = 3, 09y = 09y, = 0y, = 0.5, r®“’1 =2, 1’@0‘2 =0.02, r®“3 =0.5,
00, = 0.1, 00, = 0.002, 0@, = 02,gx1=1,p0x =002, ¢x =0.001, gy1 = 3, py = 0.05,
gy = 0.001, 871 =2, pz = 0.06, gz = 0.001, §; = &, = 0.005, 111_71 = lpz =6, = P = 0.05,
B1 = B2 =8,63 = 0.02, P3 = 0.0002, 3 =,0.08, B3 = 0.0001. In addition, we included the
time constants of a low-pass filter: Tx > =Ty =Tz, =72 =74 =T = 0.05.

For the design of the position controller, the RBFNNs ¢;(&;),i = X,Y,Z all had
seven nodes. The centers of the base functions were -1, -0.8, -0.4, 0, 0.4, 0.8, 1, with the
corresponding width 7, ,,n = 1...7 and with &; = (%;,). Furthermore,

()= [ 8 4’1’,20(@1') ]
- [ : wa,l(ai,l),.9.,1/),-1,7(;-,1) ] (59)

According to [12], a comparative simulation which combined the BSMC scheme and
the event-triggering mechanism was conducted.Moreover, the same model parameters and
external disturbance of the quadrotor were also applied. Then, the tracking effects and
tracking errors of the reference trajectories for the two methods, as well as the parameters
of the control signal and the adaptive law, were presented in the simulation. Then, the
reference trajectories of the roll and pitch angle were designed in the process of the control
scheme. Thus, different control schemes would result in different attitude angle reference
trajectories.

The experimental results of the positioning trajectory tracking are presented in
Figures 5-8 and the attitude tracking and errors are presented in Figures 9-11. The control
performance of the model presented in this paper can be observed in Figures 6-11. Smaller
tracking errors and a better tracking performance could be obtained compared to the BSMC
method. Figure 12 presents the actual control signals U; to Uy, and Figure 13 shows the
control signals Uy, Uy, Uz obtained in position tracking. As can be seen in Figures 12 and 13,
the updated frequencies of control signals were significantly reduced after the introduction
of the event triggering mechanism. Figure 14 depicts the estimated values of 0, ¢y, ¥z and
the unknown parameters dx, &y, 9. In addition to evaluating the accuracy of the proposed
scheme, the mean average error MAE = Zl=155|51( )|/ (N — i), N = 20,000, iss = 12,000

and the root mean squared error RMSE = \/Z ll\iiss S%(i) /(N —ig), N = 20,000, iss = 12,000
were selected as metrics for study. The MAE and RMSE of the designed control strategy, as
well as those of BSMC, are presented in Tables 3 and 4.

Table 3. MAE and RMSE of position tracking.

MAE RMSE
Scheme
X Y z X Y z
BSMC 0.427% 1.247% 0.779% 0.520% 1.344%  0.845%
Our proposed 0.092% 0.156% 0.322% 0.104% 0171%  0.352%
method

Table 4. MAE and RMSE of angle tracking.

MAE RMSE
Scheme
¢ 0 4 ¢ 0 4
BSMC 2258%  2288% 1137 x 1076  2264%  2299%  1.306 x 10~6
Ourproposed ) heror 0098% 1148 x 105  0.093%  0.108%  1.282 x 10-5

method
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Figure 5. Diagram of the control performance in space.
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Figure 6. The control performance and tracking errors in relation to x.
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Figure 7. The control performance and tracking errors in relation to y.
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Figure 8. The control performance and tracking errors in relation to z.
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Figure 9. The control performance and tracking errors in relation to the roll angle.
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Figure 10. The tracking performance and tracking errors in relation to the pitch angle.
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Figure 11. The control performance and tracking errors in relation to the yaw angle.
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Figure 12. Control signals U; to Uy.
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Figure 13. The control signals.
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Figure 14. The estimation of adaptive parameters ¥y, ¢y, 9.

5. Conclusions

A neural network and event-triggered-mechanism-based adaptive control method
for the tracking control of a quadrotor UAR'’s trajectory was proposed in this study. The
system stability analysis and the experimental results showed that: (1) The unmeasurable
state in the system was estimated by constructing a high gain filter observer, combined
with the output feedback method. Under conditions in which position information was
available, the “differential explosion” problem was overcome by means of a DSC control
scheme, and good performance was obtained. (2) The update signal of the frequency
was reduced by using the event-triggering control method properly and the robustness
of our proposed method was tested. (3) The Lo, tracking performance of the system was
achieved by adopting the initialization technique and choosing the appropriate controller
parameters. (4) Based on the outcomes of the hardware-in-loop simulation, we observed
that our proposed control method exhibited good performance compared to that of the
BSMC scheme. The proposed scheme provided 0.335%, 1.091%, 0.457%, 2.176%, 2.19%,
and 1.126 x 10~° lower mean average error (MAE) values compared to those of the BSMC
algorithm in relation to X, Y, Z, ¢, 6, and ¢, respectively.
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Appendix A
Appendix A.1. Proof of Lemma 2

Define the following error transfer function:

=A; e (A1)
& = kiA;pé;+A;'B; (A2)
% = Nigio + Divig + AED;. (A3)

where A,y denotes a Hurwitz matrix, and P is the symmetric positive definite matrix that
makes Equation (20) true and defines the quadratic function

Ve, = el Pe;. (A4)
Ve, = —2k;é] é; +2¢] P,AT'B;
— 2k | &1 + 201 || il 1 Bill e / i (A5)

IN

Through Young’s inequality, we can further obtain

. A A P.|IB;
Ve < 2l + ke + 2t (a2
ki 5 i 1[Bill
< ——F7€ P &; + 2k; (1 SHmax A6
)\max (P ) i ( k2 ) ( )
where Amax(P;) denotes the maximum eigenvalue of P;.
It follows that

Ve, = €] Pie; =&l Pié; =V¢,,Vt > 0. (A7)

Appendix A.2. Proof of Theorem 1
Define

Qip = {(]/ri/]]ri/yn) v+ A ik < GzO}

Qip = 51'2,1 + 512,2‘*'%2,2 + —1?12 + 2eiTP,~el~ <2p
7"191.

s = {(yrjfyrjfyrj) W y'-Z-j ci <)

52*/ 1 +52*]+y2*] @2 <2p (A8)
/

with G;o and H; being positive constants. In the compact (2;1 x );,, the continuous
function B; ; has the maximum value M;,,i = X,Y, Z. Then, V in (58); it follows that

. . . , 1 s
V=3 "(Si18i1+ Si2Sia+yiavio + —0; 0 + Ve,
1’19.

+ Zs S +Z< el @a +y2*]y2*]> (A9)
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By using (52) and (53), we arrive at
2 2 A2
. Vi | VioMis &
oy < ey The Le T
Yi2lViz = Tio + 2Ki + 2
2 2 M2
, Yauj | VoMo | vay
Yoo S —— + =+ =7 (A10)

Toxj 2094 2

where «; and v,, j are positive constants.
Since & =A; 'e;, we have €)= k7e?, < [k2/Amin(P)] Ve, = [k2/Amin(P;)] Ve, Using
Young’s inequality, we can see that

Si1€in < kjs2 1y (A11)
,1€i2 > 2 il /\mln(pl) €
From (25), (56) and (A11), we can conclude that
; ki K\ ki, 5T =T 1
SinSin< — (lu—zl - 21> Si,ﬁ'iyi,z + kiSipSip—0; ki'ii,@)si,l‘i‘mvei (A12)
: 2 Lo L,
Sz*jflsz*jflﬁ — <k2*j71 — 1)52*];1 + 552*] + Eyz*] (A13)
Similarly, using (30), one observes that
SinSiz = — kifi20; (01)Si2 + ki 'UiSiz — 2252 (A14)
For Vt € [tj, th), we have

()~ U(p)| < g, (A15)

and there is always a A(t) satisfying A(t;) = 0,A(tj41) = £1, thatis, [A(t)| < 1, and thus,
(A15) with:
Ui(t) = Ui(t) + A(t)g- (Al6)

From (A14) and (A16), one can observe that
SipSip = —kifipv; (01)Si2 + ki 'Sia (Ui(t) — A(t)g) — 225i2 (A17)

Substituting (32) into (A17), it follows that:

. k1S,
Si,QSi,Q = — li,ZSiz,z + k;lsirz (—gltanh <p1,2g1> — /\(t)g) . (A18)

Note that tanh(-) denotes the hyperbolic tangent function, which has the following

characteristics:
«

B
where &« > 0,8 € R. From (A18) and (A19), it follows that

0< |a|— octanh( ) < 027858 (A19)

SipSin < —1;5S7, 4+ 0.27858. (A20)

In the same way, we have:

. 1 . 1
S24jS2+j < —k2s S5 — Esg*j — O T Souj + Ed}(t) +0.2785p. (A21)
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Noting the adaptive law (27), it follows that:

5T 4 3T1.= _
51919 &ku()Sl (7191919

T AT AT G
E@ @a @,Xjr“/ Sz*j_o—®“j ®D‘j®“] (A22)

According to the definition of d; and @a]-, we can observe that

—09.0] 0= —03 0T (8; + 07) < —7119T19+ ’19*T19

00,, 0Q,,
~TA AT (& UM AT & i T
—06,,01 0y = 00, OF (®a,+®aj) < ——10] O + 0] O (A23)

Substituting (A10), (A13), (A20), and (A21)-(A23) into (A9), it follows that:
. K2 ) 0y, =T~  Op, *
V< z[— (lil—k‘ - z)sgl—(zi2 - §)8%, - G878+ 51077,

k; i .
+ (2 o ﬂ + ZKZ)yZZ +0.83556 + (2)\mm(15‘) B /\maX(pi))Vei

(A (A2)
+2kl-(’z’“‘“)2} + 213:1 [~ (kaejo1 = 1),y — kaujS3,; + 192,
i A Ou; y * y * * Uy
+3d3(t) = O] Oy + 2/ 050y — 22+ 22;2 2 1+ 0.8355p].
By choosing the following design parameters:
ki > 2Amax(Pi)cig + Amax(Pi) /2Amin (P;)
lig > k7 /2+ki+cip
lio > ki/2+cin
1
— > k /2+M12/(2K1) +Czl
T2
09> 2¢i1/ 7,
Cip = 03,9707 /24 ki /2 + 2k; (|| Pi||[| By | max / K7)? + 0.83558 (A25)

1/ T >1/24 Mg*j/(ZUZ*j) +¢j1
kovj-12 14¢ja
kawj = ¢ja
0o, > 2¢i1/7e,
] ]
erz = U®aj®974;®“j/2 + UZ*]'/Z + d]z(t)/z + 08355p

where c¢;1 and ¢;1 satisfy ¢;1 > ¢;2/(2G1) and ¢j1 > ¢j2/(2G1),i = X,Y,Z,j = 1,2,3,
respectively. According to (A24), one has

V< -2C,V+GC (A26)

where C; = min{cx 1,cy1,cz,1,¢1,1,621,631}, Co = cx2 +cya+czo+c12+ oo+ 3. It
can be seen that V < 0, whereas V = Gj, which means that V(t) < G is an invariant set.
Forall t > 0, if V(0) < Gy, there must be V(t) < Gy. Therefore, V is uniformly bounded.
By solving the inequality in (A26), we have:

V(t) < Co/(2C1) + e 2V (0) — G/ (2Cy)], VE > 0, (A27)
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References

which implies that tlim V(t) < C2/(2Cq). It should be noted that the value of C; in (A26)
—00

is chosen based on the minimum value of ¢;1,i = X, Y, Z, 1,2, 3. This indicates that when
the above design parameters values are large enough, a large enough value of C; can be
obtained.Thus, C; is a constant defined in (A26), meaning that C,/(2C;) can also be small
enough.

In order to obtain L tracking performance, let:

(0)

(0)=0

(0)=0

(0)=0

1(0)=0 (A28)
(0)=0

(0)=0

(0)=0

(0)

where ¢; 01)(0) = yi(0) = x,,(0). We have V(f) < G/(2Cy) + ¥ Amax(Pi)[|€:(0) |2 /%2,
i = X,Y,Z. According to (A24), we have HSZ*]'*lHoo = sup‘SZ*]-,ll = [|x1 — 217l <
£>0

V G/ (2C1), [[Siallee = suplSial = l[xi1 = ¥rille < \/Cz/(zcl) + ¥ Amax(P) | :(0) |2 /2,
t>0

i=XY,Zj=123, which means that the tracking error of Lo, norm ||S; 1|, Saxj1 HOO,
could be made arbitrarily small by selecting the appropriate parameters. The proof of
Theorem 1 is completed.

Appendix A.3. Proof of Theorem 2

Take the event-triggered controller designed for the position subsystem as an example.
Thus, we have t € [ty, t,,11), from (33), wherein:

Ui (t) \ (A29)

From (32), one has:

(A30)

Since each item in (A30) is globally bounded, we can observe that ljll- (t) are continuous
and bounded; that is, there must be # > 0 such that ‘lvll(t)‘ < u. Furthermore, at t,,

e(tn) = 0, as well as when t — t,,11, e(t,+1) = g;- Therefore, there must be a positive
constant # = t,,1 — t, that satisfies t > ¢;/u, which indicates that the time interval ¢
of event triggering has a lower bound; thus, Zeno behavior can be avoided. In the same
way, the controller based on an event-triggered mechanism has been designed for attitude
tracking, which can also effectively avoid the occurrence of Zeno behavior.
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