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Abstract: In recent years, drones have been widely used. The method of autonomous cooperative
positioning of multiple drones to complete tasks is also widely used in various fields, such as search and
rescue, surveillance, military missions, and so on. Based on this, this paper constructs a two-dimensional
planar cone formation composed of a group of UAVs from the point of view of a circular geometric
positioning model. This paper breaks this formation into a combination of regular hexagon drone
formation and analyzes the regular hexagon UAV formation. Firstly, the signals emitted by FY00, FY01,
and a known numbered drone are used to predict the position of the remaining drones. Then, the model
is extended and expanded to predict the position of the remaining drones by constructing the
electromagnetic signals emitted by FY00, FY0Il, and three unknown numbered drones. On this basis,
considering the problem of poor electromagnetic signal reception caused by attitude deviation caused
by body motion of UAV in real life, the PID algorithm is used in this paper to correct relative position
and relative speed, and further improve the geometric autonomous cooperative positioning model of
UAV in daily life. The results show that the study of UAV formation based on a geometric model has the
advantages of intuitiveness, mathematical controllability, and simplification, which are helpful in
understanding, analyzing, and solving formation-related problems.
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1. Introduction

With their low cost, flight time, and low error rate, drones are widely used in scientific and
technological urban construction, agriculture, military, and industry. However, due to the constraints of
large-scale transportation, mapping, complex paths, and complex environments, it is difficult for a single
drone to complete the task by itself, and multi-UAV formation has emerged. When studying the problem
of multi-UAYV formation, it is necessary to consider the problem of location, signal transmission, obstacle
avoidance, and deviation correction. In the complex dynamic field, the autonomous cooperative
positioning problem of multi-UAV formation is still a complex problem that varies greatly with time and
space.

Huang, Wenhui Ma, and Jiacheng Li [1] combined the depth deterministic strategy gradient and
Greedy choice to construct the greedy DDPG algorithm and designed the obstacle avoidance and
collision avoidance control strategy of the wingman group. It can be seen from the simulation that the
obstacle avoidance ability of UAVs has been effectively improved, which is of great significance for
drone formation flying in the location environment. Haisi Li [2] solved the scenario of multiple drones
tracking a single moving radiation source. Combining the Kalman filter and extended Kalman filter
tracking algorithms and path planning algorithms, he proposed a multi-UAV tracking and positioning
path planning model with the current positioning error as a cost function, thus improving the positioning
accuracy of moving targets. Aiming at the coverage control problem of river inspection, Dejin Ma, Yang
Chen, and Zhenhua Zhu [3] planned the route of multi-UAYV river inspection according to the changing
dynamic characteristics of the river. Firstly, a dynamically adjusted virtual space is constructed, and two
virtual nodes are arranged at both ends to divide different sub-regions of UAV monitoring and evaluate
the river. They effectively solve the problem of river inspection in complex spaces. Similarly, Xiumin
Zhu [4] studied the high energy efficiency deployment of drones in response to the problem of multi-
UAV flight paths. She proposed the problem of three-dimensional deployment and energy consumption
of drones and developed a multi-objective optimization model covering utility and energy consumption.
To improve the diversity of solutions, she proposed a hybrid initial resolution scheme to obtain a multi-
UAV deployment strategy.
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The task assignment of multiple drones is also a difficult problem in real life. In this regard, Tao Xie,
Jiansheng Guo, Xiaofeng Zhang, et al. [5] proposed a distributed multi-UAV task assignment method
based on CNP. Among them, alliance formation is a basic step of the allocation method, which adjusts
the resource differences among drones based on the resource consumption allocation algorithm of the
Gini coefficient. UAV also play a very important role in the military field. Yuan Niu et al. [6] built a
multi-target optimization model based on the suppression task of enemy air defense on a static ground
multi-target. At the same time, for the task assignment problem, they improved the NSGA-II algorithm
and introduced it into the coding to avoid the time delay. They also make use of target and task hybrid
variation operations to improve the uniform distribution of knowledge. In complex environments, UAV
cooperative work also has the problem of insufficient obstacle avoidance ability. Junmin Zhao, Haozhe
He, Shaoqi Wang [7] et al used the Lyapunov guidance vector field to obtain the target tracking speed
command of UAV. The obstacle avoidance speed command of UAV is obtained by using the artificial
potential field method. They combined the two methods based on zero space to obtain the integrated
UAV speed command so that the UAV can have good coordination. Jie Cheng et al. [8] designed UAV
cooperative track planning based on the altitude layer architecture of airspace by using the existing
trajectory algorithm and solved the two sub-problems based on the improved artificial potential field
method of particle swarm optimization. They provide a feasible multi-aircraft flight path planning
method for ultra-low altitude urban logistics scenarios.

In this paper, the PID control algorithm is used to correct the flight path, and the geometric
autonomous cooperative positioning model of UAV formation is built based on the circular model under
certain conditions. It can effectively solve the problem of autonomous cooperative positioning systems
of UAV formation.

2. Research on autonomous cooperative positioning of UAV formation based on geometric model
2.1 Build the basic geometric positioning model

First of all, a regular hexagonal drone formation model frame is constructed: as shown in Figure 1, 6
drones are evenly distributed, and 1 is located in the center of the hexagon. Among them, all drones have
fixed numbers, several drones in the formation are responsible for transmitting signals, and other drones
passively receive signals and extract directional information from them for positioning, that is, the
receiving signal drone extracts the Angle information. However, to maintain electromagnetic silence, the
geometric autonomous cooperative positioning model needs to select as few drones as possible to
transmit signals, to achieve the path correction of the drone formation.

s
;VU“ ety N Fvor

Figure 1: Geometric model of a regular hexagonal drone formation

In this paper, we first consider the case of FY00, FYO1, and a UAV with a known number (FYOI)
emitting electromagnetic signals, and any UAV in the formation (FYO0J) receiving signals.

2.1.1 Scenario 1: FYO0J receives signals from FY00 and FY01

First of all, this paper establishes a rectangular coordinate system with FY0O as the origin, FY0O0 as
the positive direction of the X axis along the direction of FY01, and the direction of 90° counterclockwise
rotation in the positive direction of the X axis as the positive direction of the Y axis. The following
geometric relationship can be obtained.

Let (x,y) be the position of FYOJ in the above rectangular coordinate system; R is the distance
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between FY00 and FYO1; R;is the radius of the circle formed by FY00, FY01, and a receiving UAV;
o}, is the angle value of £0j1 formed by the connection of FY00, FY0J, and FYO01, as shown in Figure
2.

Figure 2: Schematic diagram of FY0J (taking FY02 as an example) receiving signals of FY00 and

FY0I
Construct the following equation:
(x — Ry * sina,j1)? + (y—Ry * cosa,,]-l)2 = R,? 1)
R
Rl - 2sinagjq (2)

2.1.2 Scenario 2: FYO0J receives signals from FY01 and FY0I

In this paper, the following images are obtained based on the signal information of FY01 and FYOI
received by FY0J, as shown in Figure 3.

Figure 3: Schematic diagram of FY0J (using FY02 as an example) receiving signals for FY0I and FY0I
(using FY03 as an example)

Where R, is the radius of the circle formed by FY01, FYOI and FYO0J; [ is the length of the line
segment connecting the center of the circle where R, is and FY00, and a, j; is the value of £1;i formed
by the connection of FY01, FY0J and FYOI in turn. The equation constructed in analogy case [ can be
obtained as follows:

(x—l*cOS%(i—l))z+(y—l*5in%(i_1))2=R22 Q)
Rsin(Z«(i-1))
R, = .60‘1ij )
smT
l= Rcosg(i -1+ Rycosayj; )

The equation constructed in cases 1 and 2 can solve the position factors of x and y concerning FY00.

Published by Francis Academic Press, UK
-104-



Academic Journal of Computing & Information Science

ISSN 2616-5775 Vol. 7, Issue 2: 102-108, DOI: 10.25236/AJCIS.2024.070214

Therefore, this paper can obtain the position information of any UAV in the regular hexagonal UAV
formation through the electromagnetic signals emitted by FY00 and any two known numbered drones,
so that the position of the UAV can be corrected through this information.

2.2 Improvement of geometric model

In the basic geometric positioning model, FY00 and two drones with known numbers are crucial, but
the drones transmitting signals may have unknown numbers, so this paper needs to consider this case.
To this end, this paper deepens the definition of the model: FY00, FY01, and three unknown numbered
drones emit signals, which can ensure that all drones on the regular hexagon can be positioned by the
signals of these five drones. To test this model, this paper assumes that FY02 is a UAV with position
deviation that needs to be corrected and explains it as follows.

2.2.1 FY00 and FY01 transmit signals to FY02

As shown in Figure 2, the following equation can be obtained through signal detection in this paper:

(x — R'sina;)? + (y — R'cosa;)? = R'? (6)
1 |4
- 2sin(mr—01-ay) (7)

Where R’ is the radius of the circle formed by FY00, FY01 and FY02; 6, is the Angle formed by the
connection of FY02, FY00 and FYOI in turn; ; is the angle formed by the connection of FY00, FY02
and FYO01; (x,y) is the coordinates of FYO02 in this coordinate system; p is the distance between FY00
and FY02.

2.2.2 FYO0I (FYO0J, FYO0k) and FY00 transmit signals to FY02

At the same time, this paper adds a drone with an unknown number FYOI and makes it emit signals,
as shown in Figure 4.

Figure 4: FY0I (FY0J, FYOk) and FY0O0 transmit signals to FY02

Using the sine theorem, the cosine theorem and geometric relations, the following equation can be
obtained:

sin(m—6,—-a3) sina, sinf,

p R X )

2 2_p2
cosa, = % )
02 _ 2n(I-1) 61 (10)

6

Among them,a,is the angle formed by the connection of FYOI, FY02 and FY00 in turn. X2 is the
distance between FYOI and FY02;0,is the Angle formed by connecting FYOI, FY00, and FY02
successively.

Similarly, FY0J and FY0O0 transmit signals to FY02, and the following equation can also be obtained:

sin(mr—63—a3) sinag sinf3

p i 11

X3
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2, .2_p2
cosaz = % (12)
6, =200 g, (13)

6

By analyzing these equations, 04, p, i are represented by X,,that is:
01 = f(X2),p = g(X3),i = h(X3) (14)

Combining the above equations, the unknowns are X,, j and X5. X,, j and X5 are three unknowns,
two of which can be represented by the same unknown, and X, and j are represented by X, that is:

Xy = k(X3),j = U(X3) (15)

Combined with the formula of FYOk and FY0O transmitting signals to FY02, we can see that there
are three unknowns x,, x5, and k.

However, after the introduction of FYOk, there must be two Angle inclusion relationships among
a,,azand a,, as shown in Figure 5.

FY03 FY02

Figure 5: The inclusion relationship among a,, 03, @,

The corresponding result of each inclusion relation is the same, so this paper only uses the geometric
relation in Figure 5, in A (FY02, FY03, FY04), the distance between FY03 and FY04 is known, set as d,
we know that:

— 1
cos(nlls_ll) ( 6)
2..2_42
2X2Xx3

The distance between FY03 and FYO02 is x,. The distance between FY04 and FYO02 is x3. Set
a = a, — az (a,, az are known angle, reflected by receiving information of unmanned aerial vehicle
(UAV)).

A total of four equations with three unknowns, can solve the specific position of FY02. For any UAV,
the above method can be used to locate, and only FYO02 is taken as an example here.

To sum up, this paper can correct the geometric position of any UAV on the circle through FY00,
FYO01, and three UAV models with unknown numbers.
2.3 Model optimization

During flight, the speed and direction of the UAV formation are prone to change. In order not to be
affected, the PID control algorithm is adopted in this paper, in which the relative position and speed of
the UAV depend on the formation coordinate system and the body coordinate system, and the coordinate
system is converted through the transformation matrix [9].

The body coordinate system and formation coordinate system are converted as follows:
R b — R¢R9R¢
nv
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cos 8 cosyp cos O siny —sin@
sIngsinf cosy — cospsiny sln¢ sin O siny + cos ¢ cosy sin<pcos€l (18)
cos@sinfcosyp +sinpsiny cosesinfsiny —singcosyp cos @ cosb

Xf cosucosg sing sinpcosg 1|%Xg
[Yfl =|—cosusing cosg —sinusing||yy (19)
Zf —sinu 0 cosu Zg

Where the x-axis is the horizontal motion direction, the y-axis is the horizontal vertical direction and
the right wing is positive, the z-axis can be up or down, ¢ and 8 are the track azimuth, u is the track tilt
Angle, Ry is the yaw Angle rotation matrix, Ry is the pitch angle conversion matrix, and Ry, is the roll
Angle rotation matrix.

After the coordinate system is converted, the PID control algorithm needs to be established in this
coordinate system to obtain the deviation values of the direction Angle and velocity, to accurately correct
the direction Angle and velocity. PID is an algorithm based on the integration of proportion, integral, and
differential.

Generally, the algorithm [10] is expressed as:

de(t)
dt

u(t) = Kpe() + K; [ e(v)dt + K, (20)

First, for the directional angle of the UAV, the following symbol definition is made in this paper: R(t)
represents the motor output change; kyy, ki, and kg, represent the proportional coefficient, integral
coefficient, and differential coefficient on speed adjustment respectively, and e(t) represents the
weighted error on time. 2.,_, e(n) represents the error integral after discretization; I, represents the
derivative coefficient of the X-axis motion direction error in the body coordinate system; I, represents
the velocity derivative error coefficient; (Xzi — xlli) represents the x-direction position error between the
body under test and the host; v} cosf)} represents the estimated value of i relative to the velocity in the
host coordinate system; (v}cos@} - vi) represents the relative speed difference between the UAV under
test and the main engine FY00, v; represents the speed of the UAV under test; E; represents the offset of
the body position of the i station, and e(t) — e(t — 1) represents the error within each time interval.

Based on the relative speed of UAV, the following formula is obtained in this paper:
de(t)

R(E) = kyp * €() + ko [ e(e)de + kg =5 1)

By discretizing this formula, we can get:
R(t) = kpye(t) + kiy Xn-o e(m) + kay [e(t) — e(t — 1)] (22)
e(t) = L(xy; — x{;) + I,(vicosO! —v;) + E; (23)

The above three formulas mainly control the speed, use the given integral and differential to control
the feedback of the formula, calculate the position error, and then adjust, you can get the vector difference
on the speed. Where kg, [e(t) —e(t — 1)] gets the amount of adjustment, that is the amount of
adjustment assigned to the motor to output power.

This paper has the same algorithm for the direction Angle of UAV. This article first makes the
following symbol description: W (t) represents the change of steering gear direction, k, and k4
represent the proportional coefficient and differential coefficient of direction adjustment respectively, I,,
represents the derivation coefficient of Y-axis motion direction error in the body coordinate system, I,
represents the derivation coefficient of direction error, (yh- - ylll-) represents the Y direction position
error between the tested body and the main engine. p indicates the heading Angle, Ap indicates the error
between the measured direction and the actual direction, and H; indicates the direction offset of the body
under test.

The following equation can be obtained:

W(t) = kppe'(t) + kpale'(t) —e'(t — 1)] (24)
Ap = py — p; , pel0,27] (25)
e = L(yu —yii) + [,Ap + H; (26)
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Through the above formula, this paper can analyze the direction Angle correction through the
measured data, obtain the relative error, and correct the error, to make the geometric autonomous
cooperative positioning model of the UAV more accurate. The error of measurement model result caused
by deviation of direction Angle and velocity is avoided effectively.

3. Result analysis

For the regular hexagon formation geometric drone formation positioning model constructed, this
paper has two geometric positioning methods to determine the specific position of the north UAV,
namely FY00, FY01, and a UAV with a known number (FYOI) emitting electromagnetic signals, FY00,
FYO01, and three unknown unmanned aerial vehicles emitting electromagnetic signals. In this paper, the
corresponding equation can be obtained by geometric relation and three-circle intersection positioning
method, and the specific position of any measured UAV on the regular hexagon UAV formation can be
obtained by solving the equation.

At the same time, to ensure the accuracy of the model, the PID algorithm is used to determine the
relative position and relative speed of each UAV in the UAV formation and correct their travel path, to
make the geometric autonomous cooperative positioning model more accurate.

4. Conclusion

Aiming at the established regular hexagon UAV formation, this paper obtains a geometric
autonomous positioning model, which can obtain the specific relative position and relative speed of the
UAV and the scheme of adjusting the UAV formation. This method makes the design of the formation
control strategy more intuitive. PID correction of the UAV position improves the stability of the
formation and visualizes the path of the UAV, thus enabling the researchers to understand the spatial
position in this model, which greatly improves the efficiency of the UAV.

The geometric autonomous cooperative positioning model of UAV formation can be applied in
military, civil, traffic management, and environmental monitoring, and has important guiding
significance. In general, the study of UAV formation based on a geometric model provides a powerful
theoretical basis and engineering method for realizing a safer, more efficient, and multi-functional UAV
formation system.

References

[1] Huang Yi, Ma Wenhui, Li Jiacheng et al. Intelligent obstacle avoidance control method for UAV
formation in unknown environment [J/OL]. Journal of Tsinghua University (Natural Science Edition): I-
12[2023-10-08].

[2] Li Haisi. Research on radiation source location and path planning technology based on multiple
drones [D]. Strategic Support Force Information Engineering University, 2022.

[3] Ma Dejin, Chen Yang, Zhu Zhenhua. Multi-UAV Collaborative path planning for River inspection
[J/OL]. Control Engineering:1-8 [2023-10-08].

[4] Zhu Xiumin. Research on high energy efficiency 3D Position deployment and path planning of UAV
array [D]. Shandong Normal University, 2023.

[5] Xie Tao, Guo Jiansheng, Zhang Xiaofeng, et al. Real-time task assignment of multi-UAV based on
the CNP method [J/OL]. Electro-optics and Control:1-8 [2023-10-08].

[6] Niu Yuan, Cui Zhihua, Bai Hui. Task Assignment Optimization Problem in heterogeneous multi-UAV
[J]. Small and Microcomputer Systems,2023,44(08):1720-1727. (in Chinese)

[7] ZHAO Junmin, He Haozhe, Wang Shaogqi, et al. Joint track planning for multi-UAV target tracking
and obstacle avoidance in complex environments [J]. Journal of Military Engineering, 2023, 44(09):
2685-2696. (in Chinese)

[8] Cheng Jie, Zheng Yuan, Li Chenglong, et al. Multi-aircraft Collaborative track planning Algorithm
for ultra-low altitude logistics scenario [J/OL]. Journal of System Simulation:1-16 [2023-10-08].

[9] Zhou Hailong, Zhou Shuixing. Derivation of transformation Matrix in three-dimensional space solid-
beam Element Method [J]. Highway Engineering,2014,39(06):147-151.

[10] Ma Shuai, Wang Yuyou, Yang Li et al. Control Strategy of Mine Electromechanical Equipment
based on Improved Particle Swarm Optimization PID [J]. Industrial Instrumentation & Automation
Equipment,2023(05):115-119. (in Chinese)

Published by Francis Academic Press, UK
-108-



	Abstract: In recent years, drones have been widely used. The method of autonomous cooperative positioning of multiple drones to complete tasks is also widely used in various fields, such as search and rescue, surveillance, military missions, and so on...
	Keywords: UAV, geometric autonomous cooperative positioning model, Regular hexagon formation, PID control algorithm
	1. Introduction
	2. Research on autonomous cooperative positioning of UAV formation based on geometric model
	2.1 Build the basic geometric positioning model
	2.1.1 Scenario 1: FY0J receives signals from FY00 and FY01
	2.1.2 Scenario 2: FY0J receives signals from FY01 and FY0I
	2.2 Improvement of geometric model
	2.2.1 FY00 and FY01 transmit signals to FY02
	2.2.2 FY0I (FY0J, FY0k) and FY00 transmit signals to FY02
	2.3 Model optimization
	3. Result analysis
	4. Conclusion
	References

