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Abstract

This paper proposes an event-triggered formation control scheme to manage the operation of multiple quadrotors in
performing the inspection of a power transmission line. In particular, the problem of controlling such multi quadrotors to track
the tower and/or cables of the transmission lines is considered. A multi-agent sliding mode control method is used for this
purpose and is equipped with both a radial basis function neural network as an estimator of environmental wind disturbances,
as well as an event-triggered scheduling scheme for the control execution framework. The proposed multi quadrotors control
method is designed by considering the transmission tower/cable as the reference sliding surface. Simulation results are presented
to illustrate the effectiveness of the proposed multi quadrotors control scheme when implemented in a case scenario of tracking
the commonly-encountered shape of transmission cables. Simulation results are presented and show how the implementation
of a position error-based event-triggered control enables all unmanned aerial vehicles (UAVs) to track the desired position and
maintain a pre-determined formation. In particular, all UAVs can minimize the tracking error within 0.05 m after reaching the

desired positions since the control signal is updated if the error reaches such an error bound.

Keywords: event-triggered control; formation control; multi-agent systems; radial basis function; sliding mode control.

I. Introduction

The Indonesian government is currently focusing
on increasing the nation’s electrification ratio/rate,
especially in remote and rural areas. Various efforts
have been made in this regard, which includes the
development of new power generators as well as the
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expansion of power transmission networks across the
Indonesian  archipelago. Based on the 2023
electrification statistical data from the state-owned
company PT. PLN, it is known that Indonesia’s overall
electrification ratio has reached a value of 98.33 %, with
a particular electrification rate of 99.76 % on Java
Island [1]. These thus indicate the continuously
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increasing size of the electric power source/generation
and transmission networks in Indonesia that need to be
monitored and inspected to ensure continuous
provision of electric power.

One main challenge in maintaining/improving the
availability and accessibility of electric power in remote
and rural areas is with regard to the handling of various
logistics that are required during the inspection and
maintenance of the power transmission networks. The
inspection of power transmission lines generally
includes various tasks such as mapping and inspection
of the transmission lines and their components,
monitoring of vegetation conditions surrounding the
transmission route, detection and assessment of
potential icing along the transmission cables, and
monitoring of potential damages due to extreme
environmental conditions or natural disasters [2][3]. In
many countries, including Indonesia, transmission line
inspection activities are often done manually with the
help of human field surveyors/technicians [4][5]. Such
a manual inspection approach, however, has various
disadvantages as it usually requires the deployment of a
large number of human technicians/surveyors, takes
long and lengthy inspection cycles and procedures, and
offers low efficiency in terms of time, cost, and
human/equipment resources [6][7]. Particularly for the
case of power networks in rural and remote areas, these
disadvantages are further exacerbated by the fact that
the transmission lines have to go through extreme
environmental conditions of steep mountains, deep
rivers, or wild forests. In this regard, human
surveyors/technicians  often require significant
additional time and deployment cycles to complete the
required inspection process while at the same time
needing to be extra careful in their work to ensure their
safety [8][9]. These limitations of the conventional,
human-dependent manual approach thus suggest the
need for a more efficient and safer inspection method
of power transmission lines/networks [10][11].

To address problems encountered by manual
inspection processes, various kinds of unmanned
robotics are used to save cost and time while ensuring
safety and reliability [12]. In recent years, various
studies and research have proposed the use of
unmanned aerial vehicles (UAVs) to replace human
surveyors/technicians for performing the inspection of
power transmission lines [4][9]. Such a proposal was
motivated by the realization that the use of UAVs for
transmission line inspection offers various potential
advantages, such as the possibility to explore extreme
areas/routes, requires lower deployment time and cost,
and reduces potential risks to operational safety [13].
Among others, prior research has examined the use of
UAVs for the inspection of not only the transmission

line components (e.g., conductor, insulator, cable joint,
and tower) but also the environment surrounding the
transmission route (e.g., vegetation or wind
profiles) [2][3]. Furthermore, various methods have
been implemented to inspect power lines using UAVs,
such as using cameras [14] or light detection and
ranging (lidar) [15] as sensors that were mounted on
the UAV to help with the inspection processes.
However, most existing results remain limited to the
case where only a single UAV is deployed at any time
and requires the help/intervention of human operators
in a teleoperation framework. In order to maximize the
potential benefits that can be offered by UAVS
deployment/utilization, it is reasonable to argue that
the present works need to be extended further to the
case of multi-UAVs operation framework that can
work autonomously to perform the inspection of
electric power transmission lines.

This paper proposes an event-triggered formation
control scheme to manage the operation of multi-
UAVs in performing the inspection of a particular
power transmission line. The specific task of inspection
that is addressed in this paper is the problem of
controlling multiple UAVs to track the tower and/or
cable lines in the considered transmission network.
Previous research regarding trajectory tracking
purposes used the combination of integral sliding mode
control (SMC) and backstepping-sliding mode
control [16]. For this purpose, this paper proposes the
use of a backstepping multi-agent SMC (B-SMC)
method that is equipped with both an external
disturbance estimator [17][18] as well as an event-
based control execution scheduler [19][20][21]. The
proposed SMC method is designed by considering the
transmission tower/cable as the reference sliding
surface. To account for and mitigate possible impacts
of wind disturbances on UAVSs’ controlled movements,
the development of the proposed B-SMC scheme also
employs a radial basis function neural network
(RBENN) to provide an estimate of disturbance signals
caused by external wind disturbances [22][23]. Finally,
the execution of the designed control signal is
implemented using an event-triggered control
scheduling framework so as to achieve more efficient
utilization = of  the  available = computation/
communication resources in the proposed multi
quadrotor UAVs’ operation scheme. Simulation results
are also reported to illustrate the effectiveness of the
proposed multi-UAVs control scheme when
implemented in a case scenario of tracking a common
shape of the transmission cable.

The remainder of this paper is structured as follows.
Section II describes the dynamic model of each
quadrotor UAV and states the problem of controlling
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multi quadrotors for transmission line inspection
applications. Furthermore, Section II also presents the
proposed multi quadrotors cooperative control scheme,
which features RBFNN-based disturbance estimation
and event-triggered scheduling of control task
execution. Simulation experiments for evaluating the
performance of the proposed control scheme are
presented in Section III. The paper is concluded with
remarks and suggestions for future work in Section IV.

I1. Materials and Methods

This section first determines the dynamic model
and the formation scheme of the quadrotor UAV.
Following this process, a B-SMC is used to make sure
the quadrotor UAVs are able to reach the desired
positions. Furthermore, external disturbances are
estimated using RBFNN, and a position error-based
event-triggered control is implemented for the position
control. The setup for the simulation is presented at the
end of this section.

A. Quadrotor UAYV system

Consider the configuration dynamics of a
quadrotor UAV in Cartesian frame 0 — X —Y — Z as
shown in Figure 1. The dynamics consist of position
vector x(t) = [x,(t), x,(t), x3(¢t)]” on the X, Y, and
Z axis, vrespectively, and orientation angle
0(t) = [6,(t), 6,(t), 65(t)]" with respect to the X,
Y, and Z axis, respectively. The equations of motion
(EoM) of the quadrotor UAV are given by a set of
differential in equation (1) [23][24].

X = % [(cos 6, sin 8, cos 85 + sin 6, sin 03)F; + 8]

X, = %[(cos 61 sin 6, cos 83 — sin B, sin 63)F; + 5]

X; = i(—mg + cos8; cos O, F; + 63)

(1)
. 1 . .
0, = 2(9293(12 —I3) +u,)

. 1 . .
0, = 2(9193(13 -5+ u3)

.. 1 . .
0; = A (9192(11 -L)+ u4)

In equation (1), m is the quadrotor's mass, g is
gravitational acceleration, (I}, I, 13) denote the
quadrotor's moments of inertia with respect to the
(X,Y,Z) axis, respectively, and (83, §,, 85) are external
disturbance signals due to wind or turbulent flows on
the (X, Y, Z) axis, respectively.

The control input u(t) = [F]-,uz,u3,u4]T driving
the quadrotor's motion is defined as in equation (2),
which consists of the thrust induced by the sum of
forces Fj(j = 1, ...,4) produced by each propeller with
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Figure 1. Schematic of a quadrotor UAV in Cartesian coordinate.

arm length L, and the total torques u,, u3 and u, on
the (X,Y, Z) axis, respectively, that are induced by the
combination of torques 7; produced by each propeller.

Uz | _ L(F, — F)
Uz L(F; — Fy)
u-4 T2+T4_T1_T3

u(t) = (2)

Define the vectors of state variables x(t) =
[xE(0), 0], input u(t) = [F,upus u,] , and
disturbance signals &(t) = [§(t), O354]7 in which
85(t) = [8,(1), 6,(t), 65(t)]7 and O3, 4 is a column
zero vector of dimension (3 X 1).The dynamics of a
quadrotor UAV under disturbances thus satisfy the
EoM of the form equation (3).

#(0) = F(x(©),u(®) + (@) (3)

B. A leader-follower quadrotor formation
scheme

To formulate the leader-follower formation scheme,
let Q" be a virtual reference leader with a position
x; = [x1, x5, x5 ]Tand heading angle 6;. Consider
the k-th follower quadrotor Q¥ with position
xk = [xF, x5, x¥]" and heading angle 0¥ (cf.
Figure 2). Using vector and geometry analyses, the
translational distance between the virtual leader and the
k-th follower quadrotor may be defined as
AF = [xf — xi, xf — x5, x§ — x5 17 = [Axf, Axf,
AxX]T. By taking into account the angle gap between
the headings of the leader and followers, the desired
position x¥ of the k-th quadrotor for tracking the
quadrotor  is  defined  as
xF = x/ + R3(83)AF, where Ry denotes the rotation
matrix with respect to the Z axis. Thus, if the k-th
quadrotor in the group is required to track the position

virtual leader

and heading angle of the virtual quadrotor, then the
desired position ¥ and heading angle 6% it should
maintain may be defined as in equation (4).

xf =x; + Ry(67)AF, 0% = 0; (4)
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Figure 2. Schematic of the considered leader-follower scheme.

C. Wind disturbance estimation using RBFNN

This paper uses the RBFNN approach to estimate
potential environmental disturbance signals 6 (t) (e.g.,
wind forces) on model equation (1). A three (input,
hidden, output) layers neural network is used to
estimate disturbances on translation position and
velocity signals of the k-th quadrotor. This is achieved
using an activation/basis function as defined in
equation (5).

Y uz,-nZ)

lzl}]_ = eXp( b2

(5)

where j € {1, 2,0, nj} denotes the index of n;
neurons defined in the hidden layer of the designed
neural network, u;; and u,; are the predetermined
center point parameters for the assumed Gaussian
distribution of disturbances in the position and velocity
signals, respectively, and b is a parameter that controls
the width of the Gaussian distribution function. Under
such an activation function, the disturbances on the
k-th quadrotor are assumed to take a form as in
equation (6).

8k = (0®)Tpk 4 ¢k (6)

in which w* denotes a weighting matrix, ¥* is the
output of the hidden layer of the k-th quadrotor, while
{¥ is some approximation errors. Using the RBFNN
scheme, an approximation of disturbance signals can be
computed according to equation (7).

Sk — (5k)T1pk (7)

In equation (7), the trained estimate of the weighting

k

matrix @" is computed according to the rule in

equation (8).
&+ = a(wH(sE)" —vl|s¥||a") (8)

where S¥ is the sliding surface which will be defined in
the next section. Furthermore, for the update of the
weight matrix, the momentum factor is denoted as q

where 0 < q <1 . Note that such an RBFNN
estimation scheme has been implemented in various
computational software tools such as MATLAB [25].

D. Position and attitude controller design
1) Position Control Design

To design the position controller, consider the k-th
quadrotor's translation dynamics that are defined by
the first three rows of equation (3) as equation (9).

() = £ (x(©,uf(©) + 8(), fori,l =123 (9)

Taking into account its desired position ¥¥ as in
equation (4), define eX(t) = x¥(t) —xk(t) as the
quadrotor's position error. To ensure such a position
error goes to zero, this paper utilizes the B-SMC
approach. In particular, the control signal is designed
to ensure the k-th quadrotor's position trajectories
converge to and remain on a sliding surface defined in
the following equation (10).

Sk = aek(t) + é*(t) (10)

where é¥(t) = x¥(t) — %;(t) denotes the quadrotor's
linear velocity error and a > 0 is a constant gain. Note
in the sliding surface equation (10) that the leader's
reference velocity x; (t) needs to be defined in such a
way that it guarantees the stability of the closed-loop
system. In this paper, we use a reference leader velocity
for the k-th quadrotor of the equation (11).

% () = xF — ek (t) (11)

Using a quadratic function
v, = %ﬁ(ek(t))Tek(t) in which f > 0 is a constant
parameter, it can be shown that V, < —ge*(t)|? < 0

is satisfied, thereby showing that the chosen leader's

Lyapunov

reference velocity in equation (11) for the sliding
surface in equation (10) guarantees the closed loop
system remains Lyapunov stable.

The position control signal u,(t) for the k-th
quadrotor is constructed into two parts, i.e.
uk(t) = ufl(t) +uf2(t). The first control signal
u¥ | (t) is intended to lead/force the position trajectory
towards the sliding surface, while the second one
uf, () is used to maintain the position trajectory to
remain on the sliding surface. In this paper, the
following control signals are used for each of such
purposes, defined in equation (12).

uf1(t) = _C1,15gn(5712{) - Cl,zsalzt

W (0) = % (6) — (i — ) - 5() 12

in which (Cl_l, Cl_z) >0 are constant design
parameters, while sgn(§) denotes a piecewise
continuous function as defined in equation (13).
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1, ifS§>e€

sgn(s) = 1—1, ifS <e (13)
ES’ otherwise

where € is a predefined positive constant with
0 < € < 1. Under the control signal equation (12),
one may examine the position error dynamics of the
k-th quadrotor as defined by the sliding surface
equation (10) using a quadratic Lyapunov function
Vs = %(5,’;)%,’; . Taking the time derivative of Vg with
respect to the position trajectories in equation (9) and
under the control signal u¥(t) = ufl(t) + u{‘,Z (t) in
equation (12), it can  be  shown  that
Sy= — cl,l(S,’{)ngn(S,’{) - 61’2”5!{—(”2 <0 holds
and thereby guaranteeing Lyapunov stability of the
position control system.

The output uf (t) = [uf,, uk, uf,| of the position
controller serves as an input to the converter block,
which is then used to determine the desired roll and
pitch angles 8, (t) and 8, (t), respectively, and the total
force F; as defined as equation (14).

k ki, k <inpk

— U7, €os 03 +u7,, sin 63

0% arctan( =
ui,+g

=k _uk, sin§§+u’fy sin@é‘)

6f = arctan (cos 0% (14)

uk, +g
ulfz+g

77 cos 6k cos bk
2) Attitude Controller

The construction of the attitude controller
considers the quadrotor's rotational dynamics, which
are defined by the last three rows of equation (3) as
equation (15).

6k (t) = fi(x(®),u,(¥)), fori=123andl=i+3
(15)

where u,.(t) = [u,, us, us]7. Moreover, the controller
is designed so as to ensure that the attitude error
e*(t) = 0kF(t) — ;(t) between the virtual leader's
attitude and the actual attitude of the k-th quadrotor
goes to zero. For this case, the B-SMC scheme is also
used with a sliding surface function as defined in
equation (16).

Sk =yek(t) + () (16)

in which y>0 is a designed parameter and
k() = 0k (b) - éi(t) denotes the k-th quadrotor’s
angular velocity error. In this paper, the desired angular
velocity of the k-th quadrotor is set to be of the form
éi(t) = 0] — &k (t), in which 6; is the virtual leader
quadrotor’s angular velocity.

Based on the sliding surface defined in
equation (16), the attitude
uk(6;) = uf,(t) +uk,(¢) is also constructed in two

controller

parts: the first control uf,(t) is to lead the altitude
towards the sliding surface and the second control
uf, (t) is to maintain the attitude trajectory to remain
on the sliding surface. For the roll angle, the used
attitude controller u% (t) components are equation (17).

uf,(61) = -1 (C2,1Sgn (551) + 52,2551) (17)
u’2‘,2(91) = (9{‘ -7 (91 - gl)) I - 9594.{(12 - 1L)

where c,.; > 0 are designed parameters. For the pitch
angle case, the attitude controller u¥(t)'s components
can be constructed in a similar manner as the following
form equation (18).

uk,(6,) = -1, (C3,1Sgn (552) + 03,2552) (18)
u’af,z(ez) = (é; — 72 (92 - §2)> I, — 9{‘9;‘(13 -1

Finally, the attitude controller u¥(t) components
for the yaw angle are also defined similarly to obtain the
form equation (19).

uf1(63) = -1 (64‘1sgn (553) + C4,2553) (19)
u§'2(93) = (é; —73 (93 - 9_3)) I; — gféé{(h )

E. Event-triggered control execution scheme

To formulate an event-triggered control scheme,
recall that the k-th quadrotor's position control is
uf(t) = uf () + uf,(t) with elements that are
defined as in equation (12). An event-triggered control
scheme is proposed based on the position error
between the desired position and the current position
of the k-th quadrotor. In the proposed event-triggered
control scheme, the event-triggered state error is
defined as equation (20).

ef(t) = xf(t) — xF(©) (20)

which calculates the position difference between the
k-th quadrotor and the desired one at time t.

In this paper, the event-triggered scheme is used for
the position controller as illustrated in Figure 3. In this
figure, the event-triggered block receives the current
position error and the current control signal generated
by the position controller. For the control execution
scheme proposed in this paper, the control signal is
updated if the following condition is violated as
equation (21).

lek(t)] < ewn (21)

where e, is the event-triggered constant threshold
value. While the commonly used threshold function for
event-triggered scheme is e **, this paper opts for a
constant threshold value for simplicity. Therefore, the
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Table 1.
Model parameters for individual quadrotor, the controller parameters, and the RBFNN network parameters.
Individual quadrotor parameters Controller parameters RBFNN parameters
Parameter Values Parameter Values Parameter Values
m 1 B 3 n; 50
g 98 a 2 a 02
L 0.01 o 2 b 20
I 0.01 ) 5 v 0.2
I3 0.02 14 5 q 0.3
C 2 #a and p [ty 1]
C3 2
Cy 2
vy_ v
Desired Position and ?fk ”‘f( Event-Triggered
Heading » Fosition Controller Control
uf L k
_ ) F Al
93;": Converter Dyna#‘r‘izvmoue[
xF

Attitude Controller

[aef, uk uf)

o oF |6k

Figure 3. Schematic of UAV control diagram.

control signal will not be updated until the position

error value reaches a predetermined threshold value. In

this regard, the event-triggered control update scheme

is determined according to the logic in equation (22).

{u’f ) = uy(ts)

thy s=inf {t > t& | (|ef ()| < em) v (t — t& > T)}

F. Simulation setup

(22)

For the simulation scenario, each quadrotor is

required to start and maintain a predetermined

distance from the virtual leader during its flight. The

initial positions and required distances are as follows:

UAV 1: x1=[1,0,0]";

A1=[_2’ _2,2]7',

UAV 2. x*=[2,0,0]" 5 A*=[2, —2,2]",
UAV 3: x3=[1,1,0]" ; A3=[22 —2]",
UAV4x*=[210]T0%=[-2,2 —2].

The reference trajectory is defined into three

segments. The first segment starts from the ground to

the top of the first tower. The second one defines a

parabolic curve of transmission cables between two
supporting towers. The third segment defines a path
from the top to the bottom of the second tower. The
trajectory was constructed following the time
progression of the simulation using the pseudocode in

Algorithm 1.

Algorithm 1 Reference Trajectory Generation
1: ift < 6.5 then
2: xd=0,yd =0,zd =t,yd = —45
3:  elseif 6.5 <t < 26.5 then
4 xd=t—6.5,yd =t—6.5,
zd = 0.015(t — 16.5)%,d = —45

5. else

6: xd=20,yd =20,zd =6.5— (t — 26.5),
Yd = —45

7:  end

Table 1 shows the model parameters implemented
in the proposed RBFNN-based B-SMC control scheme,
the controller parameters, and the neural network
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model parameters. For the RBENN parameters, the p,,
Hy and p, values are generated by the following
MATLAB syntax.

Uy = linspace(—rx,rx,nj),
Uy = hnspace(—ry, ry,nj),
U, = llnspace(—rz,rz, nj),

with 7, =7, =1, = 15. The event-triggered control
update scheme is implemented using a threshold
parameter of 0.05. Simulations were performed using
MATLAB software for a total duration of 33 time units.

IT1. Results and Discussions

This section presents the results of the simulation
that was done to evaluate the performance of the
proposed event-triggered multi-quadrotor formation
B-SMC system. The simulation scenario is specifically
designed to imitate the main task required to be
performed during the inspection of power transmission

cable lines [8]. Specifically, four quadrotor UAVs are
tasked to track a cable line segment that is supported by
two transmission towers at both ends. The virtual
leader is assumed to generate a reference trajectory that
starts from the ground point of the first tower. Each
quadrotor is required to take off from a predetermined
initial position on the ground near the bottom support
of the first tower and then fly up to the top of the first
tower. After that, each quadrotor then follows along a
path defined by the transmission cable that connects
the first tower to the second one. Once the cable has
been inspected, each quadrotor tracks the second tower
from the top until finally landing on the ground near its
bottom support.

Figure 4 depicts the three-dimensional (3D) results
of the reference trajectory as well as the position
trajectories of the four tracker quadrotors. This plot
suggests that the resulting quadrotor formation meets
the required form of a rectangle shape. In particular, the
position tracking errors as shown in Figure 5 suggest

Quadrotor tracked paths

Z-axis

= = *Virtual Leader

Y-axis

Figure 4. A 3D plot of the simulation tracking simulation result.

= \ Tracking errors - UAV 1
= 0 =
= 4 | ex(t) ea(t) C‘:(f)‘l
0 5 Time 10 15
9
E) x Tracking errors - UAV 2
< 0
E 2 / | ei(t) es(t) “.i(i)L
0 5 Time 10 15
— 2
H \ Tracking error - UAV 3
g 0F ~ e
E N | ei(t) es(t) es(t) “
0 5 Time 10 15
E Tracking error - UAV 4
g 0F
E o ‘ | e (t) ea(t) es(t) |‘
0 5 Time 10 15

Figure 5.

Position tracking errors of each quadrotor.
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that each quadrotor satisfactorily tracks the reference
position trajectory. These tracking error results were
obtained under wind disturbance profiles depicted in
Figure 6 with estimates from RBFNN scheme [23] as
shown in Figure7. The proposed event-triggered
control implementation successfully maintains the
tracking error below the predetermined threshold,
which is 0.05 m. However, the disturbance estimations
that were produced by the RBFNN are not accurate, as

Disturbance 'N]J

seen in Figure 7, where the disturbance estimation does
not fit the disturbance input graphs on each axis.
Hlustrations of the produced event-triggered
position control signals for the first quadrotor in the X,
Y, and Z axes are shown in Figure 8, Figure 9, and
Figure 10, respectively. In the X -axis and Z-axis plots, it
can be seen at the beginning of the simulation (t = 0)
that the event time instances are active, thereby causing
the control signal to be updated. However, after a

certain time period, the event time instance becomes 0,
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Figure 8. Events and control signals on the X-axis for UAV 1.
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Figure 10. Events and control signals on the Z-axis for UAV 1.

which consequently stops the updates of control signals.

This occurs because the event-triggered error signal has
crossed the predetermined threshold value [19]. Over
the period where the control signal is not updated, the
position error increases over time. Once this error
magnitude is larger than the threshold value, the event-
triggered control will be reactivated and subsequently
produce the execution of control signals. For the Y-axis
plot, however, it is shown since the beginning of the
simulation that the event time instance is inactive. This
occurs because the error between the initial position
and the desired position from t=0 to t =5 is
minimum. Therefore, in this time period, the control
signal for the Y-axis is not updated because the error
value of the Y -axis is below the predetermined
threshold. One important thing to notice in this regard
is that the control signals are only produced when
necessary, thereby having the potential to efficiently
reduce the available computational/communication
resources [22].

IV. Conclusion

This paper has presented an event-triggered
formation control scheme to manage the operation of
multiple quadrotor UAVs in performing the inspection
of conventional power transmission lines. In particular,
a multi-agent B-SMC method that is equipped with
both an RBENN as an estimator of environmental wind
disturbances and an event-triggered control scheme as
the control execution framework is proposed to address
the required transmission line inspection problem. The
presented simulation results illustrate the effective
performance of the proposed multi-UAVs control
scheme when implemented in a case scenario of
tracking conventional transmission cable geometry in
the presence of wind disturbance. Simulation results
that were presented show that, even with the
implementation of event-triggered control the UAVs
were able to maintain their desired positions and reach
the pre-determined formation. In the event that the
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position error of an axis reaches the threshold error of
0.05 m, the control signal was updated to help the
UAVs maintain the desired trajectory while
minimizing the update of the control signals. Future
works can be directed toward implementing the
method developed in this paper in real-life
experimental tests.
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