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Abstract. Nowadays, UAVs play a very important role in various fields of life, so the flight problem
and formation problem of UAVs in real life is one of the important directions to study UAVs, and the
positioning function has quite an important role in the formation problem, so this paper studies the
formation problem of UAVs based on positioning. A mathematical model is established to study UAV
formation based on UAV positioning technology and iterative algorithm.
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1. Introduction

The positioning function of UAV depends on the UAV transmitting electromagnetic waves
outward. Each aircraft has its own number, and the position of the aircraft in the formation remains
unchanged during the flight, and the direction information of the UAV that receives another UAV
transmitting signals is the angle between these aircraft. This chapter establishes a mathematical model
to solve the following problems: this paper uses a division of the situation of the location of the UAV.
(1) The different combinations of positioning UAVs are divided into four cases in total, and then the
positions of the deviating UAVs are divided, and the different combinations of positioning UAVs are
classified according to the position relationship of the deviating UAVSs, which are one case inside the
corner and three cases outside the corner: upper left, lower left and lower right. Then the positioning
models of the deviated UAVSs in each case are established according to the angle relationship and the
sine and cosine theorem. (2) Secondly, this paper adopts increasing the number of positioning UAVs
with unknown numbers one by one to prove whether there exists a unique point that can be
represented by these individual UAVs. (3) Using the iterative method, the position of the UAVS is
corrected. (4) Finally, a positive triangle is determined and the lower UAV positions are corrected
step by step according to this triangle.

2. Model building

2.1. Positioning of the deviated UAYV by calculating 0 and R for different cases
2.1.1 Delineate the position relationship between the combination of UAVs with different
numbers and where the points are located

(1) Take FO—F1 as an example (the rest of the cases are just rotating FO—F1) and draw all the
combinations of drones.

Figure 1. Full portfolio
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The various combinations of UAVSs can be found in a symmetrical up-and-down relationship, so
they can be divided into four categories (the four groups in the upper half of the table below are
examples) [1].

(2) Through a large number of experiments, it can be found that the UAV has a different position
relationship with the three positioning UAVSs in terms of the circular center angle, and the positioning
model sought is also different. So basically, it can be divided into four cases, which are one case
inside the corner and three cases outside the corner: upper left, lower left and lower right (as shown
in the figure 2 below) [3].

Figure 2. Four types of location map

2.1.2 Positioning model in different cases according to the position of the UAV and the other
three UAVs

(1) The situation is divided according to the position of the UAV in relation to the circular center
angle of the other three UAVs [2].

According to the previous step, the division of four UAV combinations regarding the position
relationship between the deviating UAV and the other three UAVs in terms of the circular center
angle can be obtained (as follows).

a). When the drone combination is (FY00, FY01, FY02), it can be found that all the aircraft are
located outside FiFoF2, so at this time there is only one case that the drone is located outside the
corner.

b). When the combination of drones is (FY00, FY01, FY03), it can be found that there are deviated
aircraft inside . FiFoFs and there are deviated aircraft outside the corner, so there are four
distributions of deviated aircraft Fn, which are 1<n<3,3<n<6,5<n<8,7<n<=9.

c). When the UAV combination is (FY00, FY01, FY04), it can be found that there are deviated
aircraft located inside FiFoF4, and there are also deviated aircraft located outside the corner, so
there are four distributions of deviated aircraft Fn, which are 1<n<4, 4<n<6, 5<n<8, 7<n<=9.

d). When the combination of UAVs is (FY00, FY01, FY05), it can be found that there are deviated
aircraft inside £ FiFoFs and there are deviated aircraft outside £ FiFoFs, so there are two
distributions of deviated aircraft Fn, which are located inside and outside the corner.

In summary, we can find that the combination (FY00, FY01, FY02) is two cases; the combination
(FYO00, FY01, FY03) and (FY0O0, FYOQ1, FYO04) are four cases and the classification is basically the
same, so they can be combined together in the following calculation; the combination (FYQ0, FY01,
FYO05) is two cases.

(2) Establish the positioning model in the case of the number combination (FY00, FY01, FY02).

2 + o

Figure 3. (FY00, FY01, FY02) Combination
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Based on the analysis of the situation in the previous step, we can conclude that there is only one
case at this point (in the figure below, ~ F2F3Fo = a1, £ FiFsFo = a2).

Figure 4. (FYQ0, FY01, FY02) Combination

At this point, a system of equations can be formulated based on the relationship between al, o2
and the sides using the sine theorem.

r R
sina2 sin(e + a2)
r R (1)

- = 2
sihey sin(@ + al—;j

R is obtained by substituting 0 into the system of equations, where (R, 0) is the polar coordinate

of the deviated aircraft.
. 2
) sin| 6 + o -—
smal 3 ( 9 j

sinoe2 sin(9 + 0‘2)

(2)

(2) Through a lot of experiments and calculations, we can find that the classification of (FY 00,
FYO01, FY03) and (FY00, FY01, FY04) groups are similar, so we establish the localization model
in the case of numbered combinations (FY00, FY01, FY03) and (FY00, FYO01, FY04) (the
following figure).

The distribution of the localized UAVs for the two combinations is shown.

Figure 6. (FY00, FY01, FY04)
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Therefore, the positioning models can be obtained when the UAV Fn with deviated position is
located within ~FiFoF3 (1<n<3), when the upper left (3<n<6), when the lower left ( 5<n<8), and
when the lower left (7<n<10), and finally it can be found that the positioning models of the two
combinations are consistent, and the difference lies in the range of n values, so the two combinations
can be combined together..

Figure 8. Example of (FY0O0, FY01

, FY03) combination (3<n<6).
AT

»_ T
Figure 10. Example of (FY00, FY01, FY04) combination (7<n<10)
(3) Build the positioning model in the case of number combination (FY00, FY01, FY05).
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FYO01, FY05)

When the deviated UAV Fn lies within /F1FOF3 (1<n<5), as shown in the figure
12, and when the deviated UAV Fn lies within £/F1FOF3 (6<n<=9), as shown in the figure 13.

F3

Figure 13. (FY00, Fyo1, FY05)

2.2. Selecting any drone located on the circumference and calculating whether it is uniquely
determined by stepwise incremental selection

2.2.1 When an additional drone is selected, calculate whether the drone is uniquely
determined
1. Select 1 additional drone, at which point the drone distribution map is

Figure 14. The case of 1 drone
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2, By the cosine formula of vectors:

QD
(ox

CoSQ = = (©)
Bl
From the above equation we have:
cosa = — 22 b (4)
|RF,| ?|RF,|

By substituting al,02,0,r,R etc. into the above equations, the following system of equations can
be obtained.

cos R(R - r)+92
a =
! Rrsing
R(R - r)+02+gkm9 )
cosa, = 5 -sina, k =23 ... , 9
RrsinH[gk;z@—Oj

Although 6 and R are known, we still cannot find a specific point because the phenomenon of
symmetry points may occur at this point, as in figure 15 follows

B

>

4

\
\

N\ 3
'

Figure 15. The distribution location of the drones at this time
So at this point we still need to be taking a location drone.

2.3. When two additional UAVs are selected, it is calculated whether the UAV is uniquely
determined

(1) due to the existence of the phenomenon of pair formation, we can not determine whether it is
located in the upper half of the region or in the lower half, so at this time should choose another drone
line positioning. At this point the situation is as in figure 16 follows [4]

N\

Figure 16. Location map of the two selected drones

(2) When a drone is selected again, an equation for the cosine of the vector is also created, and a
set of 8 and R can be found by this equation.

(3) Two sets of (R1, 61), (R2, 62) can uniquely determine the position of a drone. In summary,
only two more UAVSs need to be taken to achieve effective positioning of UAVS.
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2.4. Adjustment of deviating UAV positions by iterative method until they are close to the
respective ideal positions

2.4.1 UAV for positioning and correction method

(1) Since there is a certain range of aircraft deviation, it is assumed here that one UAV cannot
deviate into the area where another UAV is located, so a UAV error range is established here as a
rectangle [5].

(2) Select a step value, take the points in the error rectangle one by one and calculate the angle 61
between the point and the other two UAVS, note that the angle between the ideal point and the other
two UAVs is 02, calculate AG = |02 - 01|, and select the point with the smallest AB as the corrected
point of the UAV [6][7].

3 PNA

Figure 17. Correction of error angle

2.5. Selecting three UAVs as positioning points for positioning and correction of other
deviated UAVs

(1) When positioning and correcting the position of the UAVs, a step value of 0.3 is selected, and
the distance of all the UAVs except FY00 and FYO01 from the ideal point is calculated as
dn(n=2,3,...,9)[8], and the sum of the deviation distances after each adjustment is S(set the coordinates
of the ideal point as (n=2,3,...,9). ,9), and the sum of the deviation distance after each adjustment is S
(let the coordinates of the ideal point be (xin ,yin )[9], and let the coordinates of the actual point be
(xn,yn)):

(2) Firstly, the dn calculated in (1) is used to select the point with the smallest dn as the first
positioning drone, and the positioning drones are FY00, FY01 and FY02.

(3) According to the three selected positioning drones, each drone is corrected, and the distance
between the corrected point and the ideal point is calculated.

The value of S can be controlled within the range of 0.1(m) by iterating continuously.

(4) Through iteration, we can find that when the number of iterations becomes higher, the other
positioning drone is basically FY03, and the coordinates of FY03 are (99.991234, 79.999898), and
the sum of deviation distance before adjustment is S=52.0826. Therefore, only the selection scheme
of positioning drone with 10 iterations is given below [10].

Table 1. Sum of deviation distances

Selected UAV Sum of deviation distancesS(m)
0,12 21.4241
0,1,6 2.7140
0,19 4.4586
0,18 1.1318
0,13 0.6515
0,13 0.9082
0,13 1.0228
0,13 0.6783
0,13 0.9193
0,13 0.9326
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(5) Through the above selection scheme we can get the adjustment scheme, in the first 5 times of
adjustment, respectively 2,6,9,8,3 as the third drone to correct the position of the rest of the drones[11],
and after 5 times basically FYO03 as the third drone for correction, and S has met the restriction of less
than 1, so we can think that continue to iterate, the drone can be corrected to the correct position, we
made three adjustments, and finally get the polar coordinates of the corrected drone (retain four
decimal places) as follows.

Table 2. polar coordinates

UAV number polar coordinates (R,°)
0 (0.0,0.0
(100.0,0.0)
(100.0481,40.1336)
(99.9912, 79.9999)
(100.1179, 119.9629)
(100.1783, 159.9146)
(99.9790, 199.9978)
(99.9688, 239.9970)
(99.8997, 279.9977)
(100.1173, 320.1627)

O o N |lw|INd| -

(6) When the step value is set to 0.5, since the intermediate process of iteration is similar to (1) (5),
we will not elaborate too much here, and the convergence values of S for both cases can be obtained
by conducting 100 iterations for the step value of 0.3 and the step value of 0.5 respectively.

—_—s —

Figure 18. Comparison of convergence values of S

The above comparison shows that the smaller the step value is, i.e., the more precise the accuracy is,
the smaller the convergence value of S we can obtain, except that when the step value is 0.3, its
convergence value of S is already basically less than 1 to meet the conditions we have restricted and
the computer requires the most reasonable running time, so we will not iterate on the case of obtaining
a smaller step value [12].

3. Correction of the lower UAV position

3.1. Establish a positive triangle according to the distribution of UAVs

(1) First, take out two of the UAVs in the group noted as A and B, and from them, determine the
position of another UAV C. The adjustment method is to move C to the position of ~ACB = 60 (as
in figure 19 follows) [13].

Figure 19. AB to position C
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(2) Then the signals from A and C are emitted to position D. The adjustment method is to move D

to the position of <~ ADC=0.
(3) Then D, B, and C emit signals to position A. The adjustment method is to move A to the

position of ~BAC=0, and keep the rest of the angle unchanged, so A can only move on A—D.

Figure 21. BC, D to locate A
In summary, we can now take three drones to form a square triangle.

3.2. Using the above-mentioned square triangle to locate the UAVs in each layer downward
layer by layer
(1) Then A, B, C to the next layer of E to locate, positioning method is to move E to £/ AEC=30,
ZBEC=30.

Figure 22. A, B, C to locate E
(2) By this method we can locate the drones on each level layer by layer

Figure 23. Layer-by-layer positioning
The red point in the figure is the requested point, and its positioning is the same as that of D, E
and F in the third layer, so the UAV can be restored to the conical formation by positioning layer by

layer [14].
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4. Conclusion

(1) The iterative method code runs efficiently because the time only increases due to the increase
in the number of cycles and there is no additional space overhead; the iterative method can greatly
simplify the amount of operations and the calculated values can increase with the number of iterations;
the iterative method can reduce the workload and greatly save the computation time.

(2) The model can be applied to more situations by building the positioning model by situation.

(3) The layer-by-layer downward positioning and correction of the UAV position can reduce the
number of corrections and make the results more accurate.

References

[1] Qin M., Wang Z., Li H. L., Liu X. UAV formation obstacle avoidance control based on distributed model
prediction [J/OL]. Journal of Beijing University of Aeronautics and Astronautics:1-19[2022-09-18].
DOI:10.13700/j.bh.1001-5965.2022.05009.

[2] Wang M.Y., Zhang D., Tang S., Xu B., Zhao J.M.. An online mission planning method for UAV clusters
based on dynamic coalition strategy [J/OL]. Military EngineeringJournal:1-16[2022-09-18].
http://kns.cnki.net/kecms/detail/11.2176.7J.20220916.1427.002.html

[3] Wang Huan, Liu Shuguang, Zhang Boyang. Manned/UAV formation control based on hierarchical
control structure [J/OL]. Electro-Optics and Control: 1-8[2022-09-18].
http://kns.cnki.net/kems/detail/41.1227.TN.20220914.1151.003.html

[4] Guo PJ, Zhang R, Gao GG, Xu B. Cooperative navigation of UAV formations based on relative velocity
and position assistance [J/OL]. Journal of Shanghai Jiaotong University:1-9[2022-09-18]. DOI:
10.16183/j.cnki.jsjtu.2022.232.

[5] LiX, LiRF. A generalized AOR iterative method for solving a class of complex symmetric linear systems
[J]. Numerical Computation and Computer Applications,2022,43(03):295-306.

[6] Fan Honglei. Convergence approximation, stability analysis and data dependence of nonlinear operator
iterative algorithms [D]. Nanjing University of Information Engineering, 2022. DOI:
10.27248/d.cnki.gnjgc.2022.001206.

[7] Wang Yugi, Wu Nan, Zhang Xu, Liu Dan, Wang Haigiang, Han Xiaodong, Zhong Xiaoging, Wang
Ningyuan. Multi-star distributed passive coherent positioning method [J/OL]. China Space Science and
Technology Technology:1-6 [2022-09-18].
http://kns.cnki.net/kcms/detail/11.1859.v.20220620.1831.008.html

[8] Zhang Guanling, Zhao Lianlian. Frequency stepping radar digital signal passive localization method
based on UAV swarm [J]. Automation and Instrumentation,2022(06): 61-65.DOI: 10.14016/j.cnki.1001-
9227.2022.06.061.

[9] Pan D, Zheng JH, Gao D. Fast 3D path planning for UAVs based on 2D connectivity maps [J/OL]. Journal
of Beijing University of Aeronautics and Astronautics:1-19 [2022-09-18] DOI: 10.13700/j.bh.1001-
5965.2022.0147.Alogaily Moayad,Bouachir Ouns, Al Ridhawi Ismaeel, Tzes Anthony. An adaptive UAV
positioning model for sustainable smart transportation[J]. Sustainable Cities and Society,2022,78.

[10] Li Yonglun,Li Zhigang,Yang Lei. UAV Positioning Algorithm Based on LU Decomposition
Preprocessing[J]. TWELFTH INTERNATIONAL CONFERENCE ON GRAPHICS AND IMAGE
PROCESSING (ICGIP 2020),2021,11720.

[11] Seilendria A. Hadiwardoyo,Carlos T. Calafate,Juan-Carlos  Cano,Kirill  Krinkin,Dmitry
Klionskiy,Enrique Hern&ndez-Orallo,Pietro Manzoni. Three Dimensional UAV Positioning for Dynamic
UAV-to-Car Communications[J]. Sensors,2020,20(2).

[12] Deng Aimin,Lin Ji,Liu Chein-Shan. Boundary shape function iterative method for nonlinear second-order
boundary value problems with nonlinear boundary conditions[J]. Mathematics and Computers in
Simulation,2022,194.

[13] Sukkuea Arsanchai,Heednacram Apichat. Practical kriging models with divide and conquer algorithms
for spatial heights forecast[J]. Ecological Informatics,2022,70.

418



