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Abstract

This paper summarizes the relationship between several physical quantities through
Newtonian dynamics equations, Lunger-Kuta algorithm, enumeration method, etc.,
calculates the launching distance when the flight direction of the UAV is at a certain angle
to the wind direction, and calculates and summarizes the relationship between the
launching distance of the UAV and the flight altitude, flight speed and air resistance. The
process of launching explosives by UAV is divided into two processes: UAV dive and
explosives flight, and the relationship between UAV launching distance and flight
altitude, flight speed, dive angle and launching speed is calculated.
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1. Introduction

With the continuous development of science and technology, UAVs are increasingly integrated into
our daily life, and their scope of application is widely expanding. For drones that perform targeted
delivery tasks in the air, their delivery accuracy depends not only on the operating technology of the
drone, but is also related to the state and environment in which the drone performs its tasks, such as
the altitude, speed and swooping angle of the drone when approaching the delivery point, the wind
speed and direction at the location of the drone, and the geographic environment around the delivery
point, among other factors. It is especially important to accurately assess the stability and hitting
accuracy of UAVs for targeted delivery of materials and explosives, so that the best flight strategy
can be sought based on the assessment results and the UAV power system can be adjusted in a timely
manner. In this paper, we will set up a more reasonable and intuitive model, with a view to providing
certain reference significance for the problems of UAVs' targeted delivery of materials and launching
of explosives.

2. Model Preparation

In order to more accurately describe the flight state of the UAV, it is assumed that the UAYV is flying
against the wind and the wind speed is constant. The physical principles of free-fall and parabolic
motion can be used to model the differential equation containing air resistance. In this model, the
differential equation is transformed into a discrete form, i.e., the continuous time is discretized into a
series of small time periods, and for each small time period, numerical computation methods are used
to iteratively calculate the motion state of the object until the object reaches the ground or reaches the
specified drop position. In the actual modeling, the determination of some parameters also needs to
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be considered. For example, the air resistance coefficient can be obtained experimentally, and the air
density can be estimated by methods such as the standard atmosphere model.

3. Mechanical Modeling of Unmanned Aerial Vehicle (UAV) Material Delivery

3.1 Analysis of Forces When Dropping Supplies from a Drone
Firstly, the force analysis of the UAV and the material is carried out, as shown in Figure 1.
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Figure 1. Force analysis diagrams for drones and materials

3.2 Dynamics and Kinematics Analysis
The material is spherical, according to Stokes' law the air resistance F; can be expressed as:

1
Fd = EpCdAUZ (1)

where p is the air density, C; is the air resistance coefficient, A is the cross-sectional area of the
object, and v is the velocity of the object. The air resistance coefficient C; can be determined
experimentally, while the air density p can be estimated by methods such as standard atmosphere
modeling.

Since the material is in free fall and air resistance, we can analyze the gravity and air resistance of the
dropped material, and establish the physical equations of motion through Newton's second law,
namely:

d2
m=2 = —mg —Fy 2)

According to the physical principles of free-fall and parabolic motion, there are:

2
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Where, m is the total mass of the UAV and the material, k is the physical resistance coefficient,
which is affected by multiple factors such as air density, cross-sectional area of the object, and mass
of the object.

According to the Pythagorean theorem, the distance L of the UAV is:

L= x%+y? 4)
3.3 Runge-Kutta Algorithm

Runge - Kutta algorithm is a single-step algorithm with high precision in a wide range of engineering
applications, is used for the solution of nonlinear ordinary differential equations of a class of implicit
or explicit iterative method. Its theoretical basis comes from the Taylor series and the use of slope
approximation expression of the differential method, first in the integration interval more than
expected to calculate the slope of a few points, and then weighted average, used as the basis for the
next point, and thus constructed a numerical integration calculation method with higher precision.

The general form of Lungkuta's algorithm is as follows.

(Yn+1 = Yn + C1ky + Coky + c3k3 + -+ cpky
ky = ff(xn; yn)

ky = &f (xn + a2, Y + Ba1kq)

{‘3 = &f (xn + azhg, ¥, + Parky + Bazks)

\k, = ff(xn + ané, yn + Buiks + Brzks, + -+ .Bnn—lkn—l)

A

)

The Lunger-Kutta algorithm is used to solve the Newtonian dynamics equations.

3.4 Modeling Drop Distance based on UAYV Flight Direction

Assuming that the UAV is flying at a horizontal speed v, while maintaining a constant altitude h,
in the vertical direction, v, is the wind speed, the wind direction is parallel to the horizontal plane,
and «a is the angle between the UAV's flight direction and the wind direction, in order to solve for
the distance of the UAV's drop when the UAV's flight direction is in the same direction as the wind
direction, in opposite direction, and vertically, the present paper needs to compute the UAV's wind
component vp,, and the azimuthal angle 6 of the drop point to the UAV , in which the relationship
between the wind component vy, and the wind speed v, is:

Vphw = Uy COS A (6)

When the UAV is flying in the same direction as the wind direction (¢ = 0°), the wind speed
component is vy, = 1,,, combined with the kinematics and dynamics analysis, the distance L, of
the UAV drop at this time is:

\/(mvﬁ+2mg hc)2 —4mghc(%pCdAxv,zl+v,21vﬁ,)

29

When the UAV is flying in the direction opposite to the wind direction (@ = 180°), the wind speed
component is vp,, = —1,,, combined with the kinematics and dynamics analysis, the distance Lg,
of the UAV drop at this time is:

10



International Core Journal of Engineering Volume 10 Issue 3, 2024
ISSN: 2414-1895 DOI: 10.6919/ICJE.202403_10(3).0002

\/(mvﬁ+2mg hc)2 —4mghc(%pCdAxv,zl+v,21vﬁ,)

(8)

Ligope = x —
180 29

When the UAV flies in a direction perpendicular to the wind direction (¢ = 90°), the wind speed
component vy, = 0 , the UAV not only needs to overcome its own resistance and air resistance, but
also needs to overcome the influence of the wind direction. If the velocity of the drone is decomposed
into two components, the component parallel to the wind direction and the component perpendicular
to the wind direction, then the velocity of the component parallel to the wind direction has the
magnitude v,cos90° = 0, and the velocity of the component perpendicular to the wind direction
has the magnitude 300sin 90° = 300 km/h. Combining the kinematics and dynamics analysis, and
assuming that the direction of the UAV is always pointing to the drop point, the motion of the UAV
in the direction perpendicular to the wind direction can be regarded as a free-fall motion, and the
UAV's drop distance can be calculated by using the principle of the parabolic motion, i.e.

2
Logo = %sin 20 + % Uiy + 2ghy, 9)

where vy, and vy, denote the velocity components of the UAV in the horizontal and vertical
directions, respectively.

3.5 Model Solution and Results

According to the mathematical model established by the kinematics and dynamics analysis, this paper
adopts the Longe-Kutta algorithm to solve the Newtonian dynamics equations, for each small time
period, iterative calculations of the object's state of motion can be obtained, the relationship between
the UAV drop distance L and the UAV's flight altitude, flight speed, air resistance, etc. is as follows:

\/(mv,zl+2mghc)2—4mghc(%pCdAxvﬁ)—mvﬁ
L=x-— 20 (10)

Where, h, is the flight height of the UAV, x is the horizontal position of the drop point, v, is the
horizontal velocity of the UAV, p is the air density, and C; is the drag coefficient of the object.

The altitude of the UAV is 300 m, the flight speed is 300 km/h, the wind speed is 5 m/s, the wind
direction is parallel to the horizontal plane, the material is spherical, the radius is 20 cm, the weight
is 50 kg, the drag coefficient of the material is 0.1, and the cross-sectional area of the material is
64m. By consulting the data and estimating according to the standard atmosphere model, the air
density p is 1.225 km/m3, and by writing the MATLAB program, the calculation results are as
follows: The direction of flight is the same as the wind direction (the wind direction is the same as
the wind direction).

The flight direction is the same as the wind direction (the angle is 0 degree): Ly- = 689.4m.
The flight direction is perpendicular to the wind direction (the angle is 90 degrees):Lgy- = 649.7m.
The flight direction is opposite to the wind direction (180 degrees):L;go- = 609.8m.

4. Mathematical Modeling of Explosive Trajectories

4.1 Model Analysis

This paper establishes a mathematical model to describe the trajectory of explosives. Because the
wind speed will change the horizontal velocity of the explosives, it is necessary to consider the wind
speed as a variable in the model, and at the same time need to consider the distance from the target

11
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when the UAV launches the explosives and the height of the UAV are two constraints. The blast in
the problem is different from problem one, can not be seen simply as a free-fall motion, we will be
the drone launching explosives process is divided into two phases: the first phase of the dive process
of the drone, the second phase of the flight process of the explosives, the second phase can be viewed
as a consideration of the air resistance of the inclined parrying motion.

4.2 Mathematical Modeling of the UAV Swooping Process
First of all, the drone and explosives for the force analysis, as shown in Figure 2.

Horizontal Flight " Dive Launching Explosives

Mg

m'g

{ !
v .

Drop-off poi;mt

Figure 2. Force analysis of drone and explosives

Assume that the initial flight speed of the UAV is vy, the initial flight altitude is H, the dive angle
(the angle between the dive direction of the UAV and the horizontal direction) is «, the dive time is
t1, the height from the ground at the time of the dive is h, the horizontal displacement from the target
at the time of the dive is x, and the straight-line distance between the UAV and the target at the time
of the dive is d; at the same time, assume that the UAV is flying against a headwind with the wind
speed v, in the horizontal direction and the magnitude is constant. The initial horizontal distance
between the UAV and the target is [. Using Newton's second law to analyze the force on the UAV,
we have:

a _ Fco a
X
M
_ Fsina (1 1)
ay —M

Where a, is the horizontal component of the acceleration of the UAV, a,, is the vertical component
of the acceleration, F is the air resistance of the UAV, and M is the mass of the UAV and the
explosive.

According to the principle of kinematics, the establishment of differential equations to solve the
horizontal and vertical speed of the UAV dive, there are:

d(l-x
% = voecosa — v, + a,t;

12)
d(H—h) , (
——— =vesina +ayty
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By the Pythagorean Theorem, we know that the distance of the UAV launch is:

d = Vh? 4+ x? (13)
4.3 Mathematical Modeling of Explosive Flight

Assuming that the speed of the drone at the time of the explosion is v;; the angle between the
direction of motion of the explosive and the horizontal direction is y, the firing speed (relative to the
speed of the drone) for v,, the movement time for t,, the explosives movement from the target firm
height for h', from the target horizontal displacement for x'; explosives were fired at the moment
from the target firm height for h;, from the target horizontal displacement for x,. Newton's second
law of force analysis of explosives, there are:

o fcosy
a, =-— m'

r . fsiny (14)
ay = —m’

Where, a,’ for the acceleration of explosives in the horizontal direction of the component, a,," for
the acceleration of explosives in the direction of the component of the firm, f for the explosives air
resistance, m for the mass of explosives. According to the principle of kinematics, the establishment
of differential equations to solve the explosives were launched after the horizontal and vertical speed,
there are:

d(xp—x' ,
% = (vt + vp)cosy —-v, +a,'t,
d(he—h') . ' (15)
i = (vt + vp)smy +a,'t;
The initial conditions are:
1000 < d; < 3000
{ht > 300 (16)

Where, d, is the distance between the UAV and the target when the explosive is fired as, h; is the
distance from the ground.

According to the motion and dynamics equations and constraints in the above model, there are:

t; = vosina + l\/vgsin2 a+ 2gh;
¢ (17)

cosy[vycosy—(ve+vg)cosyl]

t, =

1
cosy

[ﬁ (vésin2a + 2gh,) + (vt + vp)tzsiny — h; + vy tisina — vyt;sin a] (18)

Included among these, «a, fe [0, g]
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4.4 Model Solution and Results

According to the mathematical model established by dynamics and kinetic analysis, we use Euler's
method to solve the Newtonian dynamics equations, we can get the relationship between the UAV
launching distance (straight line distance between the launching point and the target) and the UAV's
flight altitude, flight speed, swooping angle, and launching speed, etc., there are:

d= le —h? + é [g2(t; — vosina)? — v 2sin? af (19)

The optimal launch strategy for UAV to hit the target is obtained by enumerating the swoop angle,
and the specific process is as follows.

(1) The optimal strategy of UAV launching explosives to blast the target is defined as the probability
that the absolute value of the distance between the explosive landing point and the target is less than,
and the movement time of the explosives is as short as possible. By calculating the probability and
time used, the optimal strategy can be found. According to the swooping angle, the distance between
the launch point and the target can be obtained, so as to calculate the probability, and then according
to the time used before the explosives fall to the point of a comprehensive selection of strategies.

(2) Assume that the range of dive angle is ae [0, %] , and set the step size to Aa.

3) Based on the initial condition and d = |[l? —h? + L[ 2(ty — vpsina)? — v, 2sin? a] ,
492 9

calculate the distance d; and h, from the target for each dive angle a, and then filter out the non-
compliant angles according to 1000 < d; < 3000 and h; > 300.

(4) According to Equation(17), calculate the time from the starting position to the drop point of
explosives t; + t, and the absolute value of the distance between the drop point of explosives and
the target for each dive angle.

(5) From each angle to select the highest probability, the shortest possible time as the optimal strategy.

5. Conclusion

In this paper, we firstly analyze the force on the UAV and the materials, use the physical principles
of free-fall and flat-toss motion to establish the differential equation model, and use the Longer and
Kuta algorithm to discretize the continuous time in the differential equation, and then use numerical
computation methods to iteratively compute the state of the object's motion for each time period until
the object arrives at the ground or reaches the specified drop position, and then we summarize the
relationship between the distance of the UAV's drop and the altitude of the flight, the speed of the
flight, and the air resistance through the calculation of the MATLAB program and substitutes them
into the solution to solve the distance of the UAV's drop for different wind directions, and we then
calculate the distance of the UAV's drop for different wind directions, That is, the placement distances
at angles of 0°, 90° and 180° are 689.4 m, 609.8 m and 649.7 m respectively.

Since the wind speed will change the horizontal velocity of the explosives, it is necessary to consider
this variable in the model. First of all, a mathematical model describing the trajectory of explosives
is established, and the process of UAV launching explosives is divided into two processes: UAV
swooping and explosives flight, and the relationship between the UAV launching distance and the
factors such as flight altitude, flight speed, swooping angle and launching speed is calculated. By
defining that the optimal strategy is to make the movement time as short as possible and the
probability of hitting the target as large as possible, and using the enumeration method to divide the
swooping angle into a small range of segments, and then calculating the swooping angle of different
segments one by one to look for the optimal strategy, the optimal swooping angle of the UAV is
found to be about 40°, and the swooping time is found to be about 20 s.
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