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Abstract—This study aims to develop an efficient and stable
formation strategy for multi-quadcopter systems, focusing on
formation stability based on the number of flying quadcopter
members. The formation strategy combines a virtual leader
approach and flocking-based behavior to achieve consistent
formation movement. The formations are designed as basic
circular and elliptical patterns based on bearing measurement.
Formation control in multi-quadcopter systems presents a
complex challenge, as it requires coordination among
autonomously flying UAVs while maintaining overall formation
stability and reliability. A Twisted Sliding Mode Control
(TSMC) system is implemented to ensure formation stability
and responsiveness to predefined trajectory missions. After
integrating TSMC, the Root Mean Square Error (RMSE) of
position errors in the x, y, and z coordinates decreased by 0.02.

Keywords—Multi Quadcopter; Virtual Leader; Algoritma
Flocking; Twisted Sliding Mode Control.

l. INTRODUCTION

The use of unmanned aerial vehicles (UAVS) has
increased significantly across various applications. [1][2],
including surveillance, search and rescue [3]-[5], and
military operations [6]-[9]. While offering numerous
advantages, individual UAVs face limitations in area
coverage, operational efficiency, and coordination
capabilities with other units [10]-[12]. These constraints
reduce UAV effectiveness in missions requiring large-area
surveillance or search operations [13][14]. Consequently,
new strategies are needed to address these challenges, one of
which involves multi-UAV systems. Multi-UAV systems
provide solutions to overcome individual UAV limitations
through inter-UAV cooperation [15]-[17]. Key advantages
include expanded coverage area, enhanced operational
efficiency, and improved resilience against external
disturbances through redundancy and coordination [18]-[20].
Thus, multi-UAV systems have become an important
research focus for improving operational effectiveness across
various application domains [21]-[23].

Research on multi-UAV formations focuses on formation
control [24][25], formation reconfiguration [26]-[28], real-
time path planning [29]-[31], etc. Formation control serves
as the foundation and primary focus of flight formations [32].
Key aspects of formation control include formation strategy
design, communication [33][34], and control systems
[35]. Several approaches have been proposed, such as leader-
follower methods  [36]-[39], virtual  structure-based
approaches [40][41], behavior-based methods [42]-[44],

consensus-based algorithms [45][46], and Artificial Potential
Field (APF) techniques [47][48]. While these methods have
shown promising results, they still present limitations. For
instance, leader-follower approaches are vulnerable to single-
point failures if the leader UAV encounters problems
[49][50], while APF methods often generate suboptimal
paths due to local minima issues [51]. Therefore, new
strategies are required to overcome these limitations and
provide more robust and efficient solutions. This study
proposes circular and elliptical formation strategies for multi-
quadcopter systems using a virtual leader approach combined
with flocking algorithms [52][53]. The strategy is designed to
maintain formation stability through Twisting Sliding Mode
Control (TSMC), which is expected to improve positional
accuracy for each UAV within the formation.

Circular and elliptical formations in multi-UAV systems
are recognized as among the most efficient configurations for
navigation and coordination [54][55]. Circular formations
enable uniform UAV distribution, while elliptical formations
are ideal for applications requiring extended monitoring in
specific directions, such as border surveillance or elongated
terrain mapping [56][57]. However, the primary challenges
in  multi-UAV formation control involve ensuring
stability [58]-[60], precision, and resilience against external
disturbances [61] . Sliding Mode Control (SMC) is renowned
for its robustness against model uncertainties and external
disturbances [62][63]. However, traditional SMC often
suffers from chattering issues—high-frequency oscillations
that can cause hardware wear and increased energy
consumption [64]. To address this, several SMC variants
have been developed, including Twisting SMC [65][66],
Super Twisting Observer SMC [67][68], and Stochastic
Event-Based Super-Twisting [69].

This study proposes circular and elliptical formation
strategies for multi-quadcopter systems utilizing a virtual
leader approach combined with flocking algorithms. The
strategy is designed to maintain formation stability through
Twisting Sliding Mode Control (TSMC), which is expected
to enhance the positional accuracy of each UAV within the
formation. Furthermore, this research will explore practical
implications of the proposed strategy, including potential
applications in wide-area surveillance, mapping, and search-
and-rescue operations. By introducing this novel strategy, the
study aims to make significant contributions to developing
more effective and robust multi-UAV systems. The outcomes
are expected to not only enrich the literature on multi-UAV
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formation control but also provide practical solutions to
enhance multi-UAV system performance in various real-
world applications.

The proposed virtual leader strategy addresses limitations
of traditional leader-follower approaches, which are
vulnerable to single-point failures when the lead UAV
encounters issues [70]. By employing a virtual leader, the
system eliminates dependence on any specific physical UAV,
thereby improving formation resilience and
flexibility [71][72]. Additionally, the flocking algorithm
ensures effective inter-UAV coordination, even in dynamic
and obstacle-rich environments [73]. Previous studies
implementing  virtual  leader-flocking ~ combinations
demonstrated successful obstacle avoidance and regrouping
near target virtual leaders [74]. However, the accuracy of
each agent's position was not further analyzed in the study.
The combination of these two approaches is expected to
result in stable and accurate formations. The TSMC
implementation as the primary control system is also
expected to mitigate chattering issues prevalent in
conventional SMC [75]. Thus, this strategy offers a more
comprehensive solution to the challenge of formation
formation on multi-UAV systems.

The practical implications of this research include
applications in a variety of fields, such as wide area
surveillance, mapping, and search and rescue operations. For
instance, elliptical formations prove optimal for monitoring
border areas or elongated territories, while circular
formations excel in confined-area search operations [76]. The
proposed strategy is further adaptable to environmental
monitoring, precision agriculture, and logistics applications.
Thus, this study provides both theoretical contributions to
formation control algorithms and demonstrates wide-ranging
real-world applicability. The findings are expected to
establish a foundation for developing more advanced and
effective multi-UAV systems in future research.

1. METHOD

A. Multi Quadcopter

This study considers a multi-quadcopter system
consisting of n agents, where n =2 . The interactions
between quadcopter agents are expressed according to
Equation (1).

G=(V,E) M)

where V = {v,,v,, ..., v, } represents the set of agents in the
formation or collection of nodes and E = {e;; |v;,v; €V }
denotes the set of edges describing the interaction between
two agents v; and v; [77][78]. Each quadcopter in the
formation has a position that can be described in three-
dimensional space with coordinates (x, y, z). The position of
each i-th quadcopter at time t is expressed by Equation (2).

Pi(t) = [Px, Py, Pz]" )

is a position vector in R3 . Each Dx;» Dy, Pz; Yepresents the i-

th quadcopter's position coordinates along the x, y, z axes
respectively [79].

Each quadcopter exhibits translational motion, generating
linear position (3).

r=[x, 521" 3)

This vyields the kinematic model equations for each
quadcopter (4).

)'Ci = (Cwngi)ui + (C¢i59i5¢i - S¢iC¢i)vi
+ (C¢i59ic¢i + Sll’isfl’i)wi

Vi = (Sy;Co, )i + (Sy,50,5p; + Cy,Co)Vi (4)
+ (Sy;56,Co; = Cy;SpIWi

2 = (=Sg, )i + (Co,Sp,)vi + (Co,Cop Wi

The linear position of each quadcopter i is described by
X; €R,y; € R,z € R.Thelinear position is based on body
frame coordinates vy = [u;, v;, w;]T [80].

B. Virtual Leader

The virtual leader in the multi-quadcopter system
provides consistent guidance and coordination for follower
quadcopter agents to achieve the desired formation [81]. he
virtual leader's dynamic equations are (5).

Po () = vo(®
5 () = o (D ®)

Where, p, (t) € R represents the virtual leader position,
vo(t) € R® denotes the virtual leader velocity. The i-th
follower quadcopter agent follows Equation (6).

pi (t) =V (t) (6)
Vi (0) = w; (t) +d; ()
with p; (t) € R? is the i-th follower's position, v;(t) € R?
represents the i-th follower's velocity, u; (t) is the control
input applied to the i-th follower, and d; (t) denotes the
relative position of the i-th follower.

C. Bearing Measurement-Based Formation

Bearing measurement is a technique that utilizes the angle
between two agents. Specifically, between a quadcopter
agent and the virtual leader. This method allows each
quadcopter agent to determine its relative position within the
formation without requiring direct distance data [82][83].
The technique employs the horizontal angle (azimuth) 6; and
the vertical angle (elevation) ¢; calculated using Equations
(7) and (8).

Horizontal Bearing

0; = atan2(y; — Cy,x; — Cy) (7)
Vertikal Bearing
= itz
= et = s e?) ®)

where, x;, y; are thexandy coordinates of thei-th
quadcopter, and c,, c, are the xandy coordinates of the
formation center. z; is the z coordinate of the i-th quadcopter
in the vertical plane, c, is the z coordinate of the formation
center. The following illustrates the angular measurement
representation in bearing measurement for both 2D and 3D
spaces.
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Fig. 2. Bearing elevation angle measurement in 3D

The process of determining an object's position or
direction relative to a reference point (node 1) in Fig. 1 is
expressed in degrees from true north or magnetic north [84].
In the three-dimensional space of Fig. 2, the elevation angle
is used to determine an object's vertical position relative to
the reference point. Each node is located at the center of a
virtual sphere representing the 3D space with a radius r, > 0.
Based on Equation (2), each quadcopter's position (node i) in
3D space can be uniquely identified with no overlapping
points p; # p; for i # j. The bearing vector b;; is thus
obtained as:

Dj — Di Dij

p=—2 "t Y
Tl el ©)
where, p;; is the vector from the node i to j ,and [;; is the
Euclidean distance between i and j. The bearing
measurement method serves to maintain specific formations
within the quadcopter group. This study assumes equal
altitude for all agents relative to the reference point (virtual

leader):

The target formations are fundamental circular and elliptical
patterns. This method operates by exploiting geometric
relationships between agents, enabling precise coordination
among quadcopters. The geometric constraints allow bearing
measurement to serve as an effective solution for multi-
quadcopter formation control.

D. Flocking Algoritma

The proposed multi-agent system approach focuses on
flocking principles in dynamic systems to achieve efficient
and adaptive formation for quadcopter groups. The Flocking
Algorithm enables the creation of coordinated swarm
formations where agents move synchronously despite having
only limited knowledge of other agents' positions and states
[53]. Based on each agent's dynamic motion (1), with an
interaction range r > 0 between agents. The quadcopter
movement control strategy considers three key parameters:

Separation;
P,- P
f:eep = Z [P, — P'|2 (11)
jEi J
Alignment:
1
falign = NZ(vj - vi) (12)
Jj#i
Cohesion:
1
feon =G ) ) = P (13)
j#i

A point-set configuration is employed where each point
maintains equal distance to all neighboring agents,
establishing a lattice structure:

|P,— Pll=d. vj€n P (14)

E. Twisted Sliding Mode Control (TSMC)

This control method guides the system to smoothly reach
target states (desired positions), with the "twisted"
component reducing chattering effects common in
conventional SMC.

The sliding surface design:

s=(x = xpep) + AE — Ryer) (15)

where, x is the actual position of the quadcopter, x,. is the
reference position and, A is the control parameter that
determines the speed of convergence.

The TSMC sliding surface (s) determines system
behavior during sliding mode, ensuring rapid and smooth
convergence. TSMC control inputs are given on the Equation
(16).

The control law:

Ursye = —k.sign(s) —n.sign(s) (16)

Where, k and n are control parameters that determine system
response, and sign () is a signum function. This guarantees
both the sliding surface (s) and its derivative (s) reach zero.
Providing enhanced robustness against disturbances and
model uncertainties.

To clarify the workflow and component integration
within the system, Fig. 3 presents a flowchart illustrating the
key steps in the formation strategy for basic circular and
elliptical patterns in multi-quadcopter systems. The following
is a flow diagram of the research that has been carried out.
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The formation strategy development process for multi-
quadcopter systems, as shown in Fig. 3, begins with
quadcopter dynamics and kinematics modeling. The
quadcopter system model (4) will be used to simulate the
formation strategy and formation control system. This
research implements circular and elliptical formations using
the bearing measurement method. According to Fig. 1, with
node 1 as the virtual leader, each quadcopter measures
bearing (azimuth and elevation) relative to the virtual leader.
A circular formation is achieved when the x and y region
coordinates are equal in magnitude, if the size of the x and y
regions is different, an elliptical formation will be formed.

Fig. 3. Research flow diagram

The formation is maintained to remain stable and precise
when carrying out missions with the flocking algorithm. The
principles of separation, alignment, and cohesion (11)-(13) to
achieve a coordinated formation. To produce a formation
strategy with high precision, TSMC's control system is
implemented. The formation strategy will result in stable and
coordinated performance.

1. RESULTS AND DISCUSSION

In this section, the results will first show the formation of
the basic circle and ellipse shapes based on bearing
measurement. Second, the application of the virtual leader
and flocking algorithm will be presented once the formation
has been successfully established with dynamic movement.
Third, the system will be given Twisted Sliding Mode
Control to observe the system’s stability in maintaining the
formation during the assigned mission. The results of the
formation of the basic circle and ellipse shapes based on
bearing measurement are presented as follows.

Drone Circle Formation

10

Y(m) > 410
-15 .15

X (m)

Fig. 4. Circular formation shape results based on bearing measurement

Drone Ellipse Formation

Z (m)

\ < 180
-50 Y 100
Vi) OO J ——~ s °
) -100
150 450 X (m)

Fig. 5. Elliptical formation shape results based on bearing measurement

Fig. 4 and Fig. 5 show that each agent occupies a position
in the circular and elliptical formations with coordinates X, y,
and z. The blue dots represent the positions of the quadcopter
agents in the circular and elliptical shapes, the red lines
connect each agent to form the perimeter of the circle and
ellipse, and the dashed lines indicate the ideal reference
shapes of the circle and ellipse as formation guidelines. The
horizontal angle 6; (7) is used to ensure that each agent
occupies the correct position in the circular and elliptical
formations. The bearing measurement algorithm has proven
effective in forming circular and elliptical formations, as the
coordination between agents functions well, demonstrated by
the even distribution of agents along the basic circular and
elliptical shapes.
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Second, a simulation of the formation of basic circular
and elliptical shapes has been conducted, where the formation
can move by following a reference point (virtual leader) as a
guide for each quadcopter agent. The simulation was
performed using Matlab R2022a with 10 active agents. The
circular formation was established with a radius of 10 meters,
and the minimum distance between agents d,,;, was 0.5
meters. The following are the results of the formation of basic
circular and elliptical shapes using the bearing measurement
method, integrated with the virtual leader and flocking
algorithm.

All agents in Fig. 6 successfully occupy their designated
positions, establishing a stable circular formation with
uniform distribution. Each agent promptly adjusts its position
and velocity in response to real-time positional changes. The
vertical coordination is maintained with all agents evenly
distributed at 22 meters altitude along the z-axis, ensuring
complete formation stability.

Time: 50.00

35
30
N 25

20

Fig. 6. Circular formation based on virtual leader and flocking

The error data in Table I show that each agent consistently
follows the circular reference determined by the virtual leader
at the center coordinate (0, 0, 0). A transient phase occurs
between seconds 1 to 10, where the error decreases from 0.14
to 0.07 across all axes. A spike in error occurs at t=41 s, but
it then stabilizes again, proving that the virtual leader
successfully guides the agents to the reference trajectory.

TABLE I. POSITION ERROR IN X, Y, Z FOR DYNAMIC CIRCULAR

FORMATION
Time (s) | Error Position X | Error Position Y | Error Position Z
1 0.14 0.14 0.14
10 0.07 0.07 0.07
20 0.07 0.07 0.07
40 0.07 0.07 0.07
41 0.24 0.24 0.24
43 0.06 0.06 0.06
45 0.06 0.06 0.06
47 0.07 0.07 0.07
49 0.08 0.08 0.08
50 0.08 0.08 0.08

The Root Mean Square Error (RMSE) values in Table Il
represent the average error between the actual agent positions
and the target positions. The RMSE values for the x, y, and z
positions are all 0.1, indicating that all agents maintain

positions very close to the target formation path. The
minimum distance between agents d,,;, is 0.5 m, ensuring
that no agent comes closer than this threshold to avoid
collisions. Thus, an RMSE position error of 0.1 meters across
all axes confirms that the system configuration is safe for
each quadcopter agent. The consistent error values across all
coordinates reflect the uniformity of the strategy applied in
each dimension.

TABLE Il. RMSE VALUE OF THE BASE FORMATION POSITION OF THE

CIRCLE
Position (m) X y z
RMSE 0.1 0.1 0.1

The performance of the system using the flocking method
is capable of maintaining a safe distance between agents
(separation), aligning velocities (alignment), and keeping
agents within the group (cohesion). Thus, all flocking stages
are fulfilled in forming the basic elliptical formation with a
minor axis of 100 and a major axis of 50, as shown in Fig. 7.
In Table Il the error values for each x, y, and z position
achieved in the elliptical formation at an altitude of 22 meters
within 50 seconds are obtained.

Time: 9.00

N
3 2
/i,’—«\v-t:i&i "
6("] 8 - 9 79
\';a. 8, &'
e
g W i 40
= 20
-20
X

Fig. 7. Elliptical formation based on virtual leader and flocking

TABLE Ill. PosSITION ERROR IN X, Y, Z FOR DYNAMIC ELLIPTICAL

FORMATION
Time (s) | Error Position X | Error Position Y | Error Position Z
1 0.17 0.17 0.17
10 0.07 0.07 0.07
20 0.07 0.07 0.07
40 0.07 0.07 0.07
41 0.30 0.30 0.30
43 0.07 0.07 0.07
45 0.07 0.07 0.07
47 0.09 0.09 0.09
49 0.09 0.09 0.09
50 0.09 0.09 0.09

Most of the values in Table 111 show an error range of 0.07
to 0.09, indicating high precision. In the first second, the error
is high due to system adaptation. A spike in error occurs at
the 41st second but stabilizes within 2 seconds. This is similar
to the performance results in the circular formation, as shown
in Table I. The error experiences a significant increase at the
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41st second, which may be due to each agent undergoing
substantial position changes along the x and y axes.
Consequently, the system performs an avoidance maneuver
or experiences a sudden setpoint change, leading to a large
transient response. Although the z position increases
gradually, the drastic changes in x and y positions due to
dynamic movement over time cause a response delay.
However, rapid recovery, aided by the cohesion and
separation rules, helps stabilize the relative position.

The position error values in the x, y, and z coordinates of
0.1 are still within the system's tolerance limit of 0.1 (shown
in Table 1V). The RMSE in the elliptical formation is the
same as in the circular formation, as the elliptical shape has
two main parameters, the semi-major and semi-minor axes
making agent coordination more complex. Small positioning
errors in the elliptical formation tend to accumulate more
easily due to the asymmetric distribution of agents compared
to the circular formation.

TABLE IV. RMSE VALUE OF THE BASE FORMATION POSITION OF THE

ELLIPTICAL
Position (m) X y z
RMSE 0.1 0.1 0.1

Next, the system will be integrated with Twisting Sliding
Mode Control (TSMC). In the simulation, the parameters
used are 1=2; k= 0.5; and n= 1.5, which aim to enhance the
agents ability to maintain formation while executing a
predefined trajectory mission.

The square trajectory in Fig. 8 is formed by a circular
formation consisting of 10 active agents, reaching a
maximum altitude of 22 meters within 50 seconds. The
circular formation moves dynamically, following a reference

point (virtual leader) located at the center of the circular
formation, with a radius of 10 meters. Each agent's position
changes over time due to continuous dynamic movement
until the square trajectory is fully formed. Below are the X, v,
and z positions of each agent over time until reaching an
altitude of 22 meters.

Time: 50.00

0 oG W

X

Fig. 8. Circular formation forms a square trajectory

Table V and Table VI present the x and y position data of
agents 1 through 10 from the simulation results of forming a
square trajectory with a circular formation. The active multi-
quadcopter agents complete the mission dynamically by
maintaining a circular formation while following the square
path. The displayed data is based on changes in altitude (z
position) as the system executes the mission. Each agent
maintains a uniform altitude of 5 meters from 1 to 40 seconds,
corresponding to the phase in which the square trajectory is
being formed. From 41 to 50 seconds, the altitude of each
agent increases until reaching the predetermined maximum
height of 22 meters.

TABLE V. X POSITIONS OF EACH AGENT FORMING A SQUARE TRAJECTORY WITH A CIRCULAR FORMATION

X Position
Time Agent 1 Agent 2 Agent 3 Agent 4 Agent 5 Agent 6 Agent 7 Agent 8 Agent 9 Agent 10
1 12.19 11.69 5.30 6.14 2.24 -1.39 0.47 4.31 9.45 11.99
5 25.99 24.16 19.08 13.34 8.40 6.39 8.29 13.22 19.34 24.18
10 38.73 36.82 31.82 25.65 20.66 18.74 20.65 25.65 31.83 36.82
15 38.74 36.83 31.83 25.65 20.65 18.74 20.65 25.65 31.83 36.83
20 38.74 36.83 31.83 25.65 20.65 18.74 20.65 25.65 31.83 36.83
25 26.24 24.33 19.33 13.15 8.15 6.24 8.15 13.15 19.33 24.33
30 13.74 11.83 6.83 0.65 -4.35 -6.26 -4.35 0.65 6.83 11.83
35 13.74 11.83 6.83 0.65 -4.35 -6.26 -4.35 0.65 6.83 11.83
40 13.74 11.83 6.83 0.65 -4.35 -6.26 -4.35 0.65 6.83 11.83
49 12.56 13.12 10.09 4.63 -1.16 -5.09 -5.64 -2.61 2.84 8.64
50 13.15 12.47 8.46 2.64 -2.76 -5.67 -5.00 -0.98 4.84 10.23
TABLE VI. Y POSITIONS OF EACH AGENT FORMING A SQUARE TRAJECTORY WITH A CIRCULAR FORMATION
Y Position
Time Agent 1 Agent 2 Agent 3 Agent 4 Agent 5 Agent 6 Agent 7 Agent 8 Agent 9 Agent 10
1 4.09 11.09 12.84 10.48 10.24 4.01 2.47 3.12 2,51 5.16
5 6.45 12.39 15.91 15.76 12.34 6.44 0.83 -2.53 -2.57 1.00
10 6.60 12.48 16.11 16.10 12.48 6.60 0.73 -2.90 -2.90 0.73
15 19.10 24.98 28.61 28.61 24.98 19.10 13.22 9.59 9.59 13.22
20 31.60 37.48 41.11 41.11 37.48 31.60 25.72 22.09 22.09 25.72
25 31.60 37.48 41.11 41.11 37.48 31.60 25.72 22.09 22.09 25.72
30 31.60 37.48 41.11 41.11 37.48 31.60 25.72 22.09 22.09 25.72
35 19.10 24.98 28.61 28.61 24.98 19.10 13.22 9.59 9.59 13.22
40 6.60 12.48 16.11 16.11 12.48 6.60 0.72 -2.91 -2.91 0.72
49 2.79 8.71 13.82 16.17 14.87 10.41 4.50 -0.61 -2.97 -1.67
50 4.70 10.59 14.97 16.14 13.68 8.51 2.61 -1.76 -2.94 -0.47
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The system achieves a high level of accuracy with an
RMSE value of 0.08, as shown in Table VII. Each agent
successfully maintains a 10-meter distance from the virtual
leader using bearing measurement. The inter-agent distance
remains under 0.5 meters due to the implementation of the
flocking lattice algorithm. Next, a simulation of an elliptical
formation was conducted with the mission of forming a
square trajectory.

TABLE VII. RMSE VALUES OF POSITION FOR EACH AGENT FORMING A
SQUARE TRAJECTORY WITH A CIRCULAR FORMATION

Position (m) X y z
RMSE 0.08 0.08 0.08

The results in Fig. 9 show that the elliptical formation
dynamically follows a square trajectory. The elliptical
formation consists of 10 active agents. The x, y, and z
positions of each agent change over time as they navigate the
trajectory. Below is the position data for each agent in the
elliptical formation, illustrating their movement throughout
the mission.

The position data of each active agent in Tables VIII and
IX are the results of the simulation forming a square
trajectory with an elliptical formation, as shown in Fig. 9. The
x and y positions change dynamically over time to complete
the square trajectory mission. The altitude of each active
agent remains the same, as it follows the altitude of the
reference point (virtual leader). Below are the RMSE values
for each agent's position in the elliptical formation during the

square trajectory mission.

The RMSE values for all positions X, y, and z in the
elliptical formation are the same at 0.09 (shown in Table X).
This error is higher than in the circular formation due to the
varying curvature in the dynamically formed ellipse, which
requires continuous adjustments in bearing measurement and
inter-agent distance, increasing the risk of collision or
separation loss. Additionally, non-uniform velocity changes
in the elliptical formation, particularly along the minor and
major axes, contribute to this increase in error. However, the
RMSE reduction of 0.01 to 0.02 in the circular formation
indicates improved precision, primarily due to the influence
of the integrated TSMC control. Dynamic stability is well
maintained during trajectory transitions.

¥

Fig. 9. Elliptical formation forms a square trajectory

TABLE VIII. X POSITIONS OF EACH AGENT FORMING A SQUARE TRAJECTORY WITH A ELLIPTICAL FORMATION

X Position
Time Agent 1 Agent 2 Agent 3 Agent 4 Agent 5 Agent 6 Agent 7 Agent 8 Agent 9 Agent 10
1 14.69 13.72 6.07 5.37 0.21 -3.89 -1.56 3.54 10.22 14.01
5 30.83 28.08 20.57 11.84 4.49 1.54 4.37 11.72 20.83 28.10
10 43.73 40.86 33.36 24.11 16.62 13.75 16.61 24.11 33.37 40.87
15 43.74 40.87 33.37 24.10 16.60 13.74 16.60 24.10 33.37 40.87
20 43.74 40.87 33.37 24.10 16.60 13.74 16.60 24.10 33.37 40.87
25 31.24 28.37 20.87 11.60 4.10 1.24 4.10 11.60 20.87 28.37
30 18.74 15.87 8.37 -0.90 -8.40 -11.26 -8.40 -0.90 8.37 15.87
35 18.74 15.87 8.37 -0.90 -8.40 -11.26 -8.40 -0.90 8.37 15.87
40 18.74 15.87 8.37 -0.90 -8.40 -11.26 -8.40 -0.90 8.37 15.87
49 16.98 16.69 11.45 3.27 -4.73 -9.50 -9.21 -3.98 421 12.21
50 17.86 16.28 9.91 1.19 -6.56 -10.38 -8.80 -2.44 6.29 14.04
TABLE IX. Y POSITIONS OF EACH AGENT FORMING A SQUARE TRAJECTORY WITH A ELLIPTICAL FORMATION
Y Position
Time Agent 1 Agent 2 Agent 3 Agent 4 Agent 5 Agent 6 Agent 7 Agent 8 Agent 9 Agent 10

1 4.09 11.09 12.84 10.48 10.24 4.01 247 3.12 2.51 5.16
5 6.45 12.39 15.91 15.76 12.34 6.44 0.83 -2.53 -2.57 1.00
10 6.60 12.48 16.11 16.10 12.48 6.60 0.73 -2.90 -2.90 0.73
15 19.10 24.98 28.61 28.61 24.98 19.10 13.22 9.59 9.59 13.22
20 31.60 37.48 41.11 41.11 37.48 31.60 25.72 22.09 22.09 25.72
25 31.60 37.48 41.11 41.11 37.48 31.60 25.72 22.09 22.09 25.72
30 31.60 37.48 41.11 41.11 37.48 31.60 25.72 22.09 22.09 25.72
35 19.10 24.98 28.61 28.61 24.98 19.10 13.22 9.59 9.59 13.22
40 6.60 12.48 16.11 16.11 12.48 6.60 0.72 -2.91 -2.91 0.72
49 0.89 7.17 13.23 16.76 16.41 12.32 6.04 -0.03 -3.56 -3.21
50 3.74 9.82 14.67 16.44 14.45 9.46 3.38 -1.47 -3.23 -1.24
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TABLE X. RMSE VALUES OF POSITION FOR EACH AGENT FORMING A
SQUARE TRAJECTORY WITH A ELLIPTICAL FORMATION

Position (m) X y z
RMSE 0.09 0.09 0.09

V. CONCLUSION

The formation of basic circular and elliptical shapes is
achieved with high accuracy using the bearing measurement
method and flocking algorithm based on a virtual leader. This
is evidenced by the RMSE values for both circular and
elliptical formations, which are 0.1 across all three position
coordinates (X, y, and z). The designed system effectively
maintains formation accuracy for both circular and elliptical
geometries, demonstrating consistent performance across
different shapes. The addition of TSMC control significantly
enhances stability and ensures that each agent remains
robustly within the formation. The square trajectory was
successfully formed with consistently low RMSE values of
0.08 and 0.09. Further research is needed to implement a
more robust control system to minimize errors and enhance
system stability. The current study has been conducted in a
MATLAB simulation environment. Future research will
focus on simulations in real-world environments or Software-
in-the-Loop (SITL). Additionally, the research can be
extended to experimental validation using quadcopter
hardware.
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