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Abstract: In view of the problem that path planning and trajectory tracking are rarely solved
simultaneously in the current research, which hinders their practical implementation, this paper
focuses on enhancing the autonomous flight planning capability of unmanned aerial vehicles (UAVs)
by investigating integrated path planning and trajectory tracking technologies. The autonomous
flight process is divided into two sub-problems: waypoint designing/optimizing and waypoint
tracking. Firstly, an improved DB-RRT* algorithm is proposed for waypoint planning to make the
algorithm have higher planning efficiency, better optimization results, and overcome the defects of
accidental and low reliability of single RRT* planning results. Secondly, the scheme of “offline design
+ online flight” is adopted to lead the UAV to fly online according to the waypoints’ instructions by
using the sliding mode guidance based on angle constraint with finite-time convergence so that it can
fly to the destination autonomously. In order to check the performance of the proposed algorithm, a
variety of simulations are conducted to verify the feasibility of the proposed algorithm.

Keywords: improved RRT*; DBSCAN cluster algorithm; guidance law with angle constraints;
autonomous flight technology; finite-time convergence

1. Introduction

For UAVs, it is necessary to enhance their autonomy [1,2], which enables them to
independently process various sensitive information, assess the current situation, and make
plans or predictions for current and future tactical missions [3]. An autonomous mission
planning system is an important support for improving the operational effectiveness of the
precision guidance of weapons and UAVs [4,5]. As one of the core and main functions of
mission planning, autonomous flight path planning is an essential technology developed
along with modern information technology, and is widely used in various types of aircraft.

In addition to ensuring the ability to fly to the destination, the autonomous planning
system of UAVs also needs to avoid obstacles, enemy radars, and no-fly zones along the
path, and its own maneuverability needs to meet the corresponding requirements [6,7].
Therefore, the planning course can be divided into two levels. On the one hand, it is
required to quickly search the feasible and safe paths in the space. On the other hand, it
needs to make sure that the UAVs are able to track the path according to the desired path
instructions [8].

For the path planning problem, each algorithm has its own strengths and shortcom-
ings. Common algorithms include: A* [9], D* [10,11], dynamic programming algorithm,
intelligent algorithms [12,13], etc. The rapidly-exploring random tree (RRT) algorithm
considers the non-holonomic constraints of the aircraft, has fast planning and convergence
speeds, does not require system modeling or geometric division of the search area, has high
coverage of the search space, and explores unknown areas as much as possible, providing
a new approach to solving path planning problems. However, based on RRT, the RRT*
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algorithm has made improvements and obtains a relatively optimal solution, but it still
has some shortcomings, such as low efficiency and too random of an expansion process.
To further develop the search efficiency and obtain a more optimized solution of RRT*,
various papers have been studied and developments made. In [14], for the sake of having
better planning results, it adopts a sampling method, such as Gaussian distribution sam-
pling, and the local bias sampling method is also considered. Ref. [15] takes the artificial
potential field into consideration and combines it with the RRT* algorithm to generate
biased random states and improve the rate of convergence. Literature [16] adopts the
potential function so as to sample the nodes randomly to expand new nodes; therefore, it
can shorten the search time. Literature [17] proposes a search for the nearest neighbor to
expand new nodes, and [18] uses a greedy heuristic to explore the environment rapidly
based on the heuristic sampling of the path expansion region. In [19-21], they all utilize the
two-way search strategy, that is, grow the forward tree and backward tree at the same time
to improve the search speed.

Only completing the planning part cannot guarantee that the aircraft can track the
flight path. Therefore, path tracking should be further considered to guarantee that the
aircraft is able to accomplish the flight mission according to the designed waypoint instruc-
tions. At present, the most widely used method is MPC control [22-24]. In [25], the least
square method is used to track the waypoints, and applying the predictive control to
develop the path tracking performance in the horizontal range. In [26], the sliding mode
control is combined with MPC to guarantee optimal performance control of the system
under various constraints. In [27], the MPC controller based on Lyapunov input constraint
(LMPC) solves the trajectory tracking problem. There are also other methods such as robust
control [28], vector field control, and so on. Literature [29] proposes a controller that is
robust to cope with the model uncertainty and measurement noise to develop the control
accuracy. Literature [30] proposes a hybrid gradient vector field algorithm to guide UAVs
to complete the planned 3D path.

Path planning and trajectory tracking are two essential applications for controling
military and civilian UAVs. However, it could be concluded from the above investigations
that the research is usually based on the separation of path planning and trajectory track-
ing design, and only a few studies integrate these two technologies simultaneously [31].
At present, most algorithms in the literature only focus on the path planning level, that is,
to complete the search in space and design the path instruction information, without veri-
fying the realization of flight.

Considering the practical application of engineering, based on our previous work [32],
this paper effectuated waypoint planning based on the DB-RRT* algorithm to optimize
the waypoints and further extract the key points information. Unlike other path-tracking
algorithms, the “offline design + online flight” scheme is adopted. The guidance law with
angle constraint is devised to guide the vehicle to fly online on the basis of waypoints’
instructions so that it can reach the destination autonomously. It is worth mentioning
that the part of the path planning has been involved in our previous work [32]. However,
to ensure the integrity of the problem statement and framework, this part is summarized
and polished further, and still presented in this paper.

Aiming at the existing problems, the autonomous flight technology of UAVs is studied
in this paper. The main contributions are as follows:

1. The sliding mode guidance technology based on angle constraints with finite-time
convergence is devised, and its stability and finite-time convergence properties are
proved. Through the proposed guidance law, not only the aircraft can reach the
specified point at any angle in space, but also the convergence time of the whole
process is guaranteed.

2. Inthis paper, the trajectory tracking problem is effectively transformed into a guidance
problem with angle constraints. The guidance law based on sliding mode with angle
constraint can make the vehicle achieve all-around angle arrival, so as to ensure that
the aircraft can realize path tracking according to the waypoint information in different
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directions. The sliding mode guidance law has the property of finite convergence,
which can ensure that the tracking time is convergent during trajectory tracking.

3. To address the challenge posed by the separation of path planning and trajectory
tracking techniques found in existing literature, this paper proposes a solution using
the “offline planning + online flight” strategy. By integrating both path planning
and trajectory tracking, this approach enables the autonomous flight of aircraft and
facilitates the automation and intelligence of these vehicles.

The framework of this article is shown below. Section 2 establishes the environmental
modeling and describes the DB-RRT* algorithm to generate and optimize the waypoints.
Section 3 deduces the sliding mode autonomous flight guidance technology based on angle
constraints with finite-time convergence, and the stability proof is given. The simulation
results are displayed in Section 4, and the results illustrate the priority and feasibility of the
proposed algorithm and the scheme. At last, Section 5 provides the conclusions.

2. Waypoint Generation Technology Based on Improved DB-RRT* Algorithm
2.1. Environment Modeling

Modeling of emerging threats in the flight environment is a prerequisite for path plan-
ning. In this paper, the stochastic function method is utilized to describe the environmental
information, which is suitable for simulating the terrain contour in a large range. This
paper mainly analyzes the three aspects of radar detection, weapon threat, and no-fly zone
constraint encountered during flight. It is worth mentioning that to pay more attention to
the details of the proposed technology, the application is limited to the static one.

e  Radar threat:
The shape of radar detection is analogously regarded as a cone. The coordinates of
the radar in space are (xR,yR,zR), that is, the vertex of the cone. According to the
geometry, a cross-section in the two-dimensional plane is able to be roughly reckoned

as a circle, where the radius of the circle d,;,; can be defined as:

in which, 6R is the detection angle of the radar.

e Weapon threat:
The launching point of all kinds of weapons is denoted as (x",y",z"), whose attack
range is approximately regarded as half a sphere, that is, the center of the correspond-
ing sphere. The threat model function is expressed as:

fw =y Ry — (= xW)R — (2 = 2P @

and Ryy is the field of fire. The shape of these threats is also shown as a circle in the
two-dimensional plane.

*  No-fly zones:
The general shape of the no-fly zones is usually not certain. When the UAV is in a
no-fly zone, the probability that it will be damaged is generally considered to be 1.
Thus, UAVs are not allowed to enter the no-fly zone.

2.2. The Improved DB-RRT* Algorithm

The DB-RRT* method is adopted in this paper. Our team has conducted research on
this part before, and the specific content of this algorithm can be found in literature [32]. A
flow chart of the DB-RRT* algorithm is displayed in Figure 1.
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Figure 1. Flow chart of the DB-RRT* algorithm.

The main innovations of this algorithm are as follows. Firstly, the original RRT* algo-
rithm is ameliorated to improve the efficiency and success rate of the planning. Secondly,
the DB-RRT* algorithm is further proposed, which combines improved-RRT* with the
DBSCAN algorithm, and the contingency and randomness of single planning of the RRT*
algorithm are both overcome. In this way, the path generated by the DB-RRT* algorithm is
more optimized and has high reliability, improving the safety of the autonomous flight of
aircraft. More importantly, the waypoints obtained by this method do not need further op-
eration and modification, which can be directly used as inputs for the following waypoint
tracking mission, providing technical support for the autonomous flight tasks of UAVs.

To guarantee the integrity of the technical framework proposed in this paper, the con-
tent involved in the DB-RRT* algorithm is briefly explained below.

The RRT* algorithm has some improvements in the optimization performance of
planning results in contrast with the RRT method, but it still has the problem of low search
efficiency due to the strong randomness of node selection. Using the RRT* algorithm may
require searching the entire search space, which requires a large amount of calculation
and affects the time of searching feasible paths. Therefore, in consideration of the disad-
vantages of the RRT* algorithm, such as a large amount of computation, and low search
efficiency, this section takes practical application scenarios into consideration and develops
the RRT* algorithm.

In response to the above problems, RRT* is improved from the following aspects:

Set the target attraction;

Set the dynamic adaptive step size;
Add physical constraints;

Add evaluation function.

Lol

After the improvement of the RRT* algorithm, the path generation is faster and more
efficient. However, due to the occasionality and randomness of a single planning of the RRT*
algorithm, it is difficult to directly apply this method to engineering practice. Therefore,
a series of waypoints planned based on the RRT* algorithm should be further optimized to
overcome its shortcomings and promote the reliability of planning. The improved RRT*
algorithm can quickly generate several suitable paths that can reach the specified point
without additional operations of the data source. According to these planning results,
a database can be generated, and then the DBSCAN algorithm is introduced for clustering
algorithm analysis to obtain a path with high reliability and better performance [33,34].

DBSCAN is a representative density-based clustering algorithm. It defines clusters by
the larger density of connections between points, rather than simply by distance. Its funda-
mental principle makes it very suitable for analyzing densely distributed data points and
discovering clusters of arbitrary shapes from noise, overcoming the limitations of KMeans,
BIRCH, and other algorithms that only apply to convex sample sets.

The DBSCAN algorithm calls for two essential input parameters: the radius € and the
minimum number of points P,;,. Select an unvisited point in the database as the starting
point, and find all points within a distance less than or equal to €. If the number of points
is not less than the minimum number P,;,,, the current point and its nearby points form
a cluster, and the starting point is marked as visited. Process all unvisited points within
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the same cluster in the same way to complete the expansion of the cluster. If the number
of nearby points is less than the P,;,, temporarily mark it as a noise point and look for
the next point. Repeat the above steps until all points in the database are classified into a
cluster or marked as noise.

The DBSCAN algorithm is utilized to perform statistics and cluster optimization on the
waypoint information in a large number of path data. Consequently, the key information
that affects the success of path planning can be extracted, so that the optimized waypoint
information can be obtained.

Remark 1. According to different task requirements, the evaluation function in the RRT* algo-
rithm can be adjusted, so that task constraints can be considered in the planning process and the
corresponding path to meet the requirements can be generated. The evaluation function selected in
this paper is to choose the shortest path.

Remark 2. To further improve the safety performance and reliability of the autonomous flight of the
UAV, when the DB-RRT* algorithm is employed for waypoint extraction, appropriate assessment
criteria can be further added to examine the obtained waypoint information and evaluate the
feasibility. The assessment criteria mainly adopted in this paper include two aspects. Firstly,
the safety performance of the extracted waypoints is considered. Traditionally, it is known that
the planned path will be safer if it is farther away from obstacles. Secondly, the smoothness and
transitional performance of the waypoints between each other is taken into account. Generally, it is
more reasonable to reduce changes in vehicle velocity direction.

2.3. The Improved DB-RRT* Algorithm Flow

The algorithm flow is summarized as follows.

Input: Starting coordinates, target coordinates, environmental information;

Step 1: Utilize improved-RRT* to generate the paths that constitute the database;

Step 2: Based on the database, use the DBSCAN algorithm to analyze and extract the
clustering point;

Step 3: Through the assessment criteria evaluate whether the waypoints meet the
requirements;

Step 4: If they meet the requirements, then the new path is generated, otherwise repeat
steps 2 to 3.

3. Sliding Mode Autonomous Flight Guidance Technology Based on Angle Constraints
with Finite-Time Convergence

The improved DB-RRT* path planning algorithm provides a scattered set of waypoints,
which are a series of time-independent points existing in space. Due to the constraints
of aircraft dynamics, overload, and maneuvering ability, the route instructions directly
connected with waypoints cannot be put into use in the actual flight scenario.

Therefore, a sliding mode control strategy based on angle constraints [35,36] is devised
in this section so that the aircraft can be controlled autonomously according to the planned
waypoints and it can be guaranteed to converge within a certain time to complete the
guidance [37].

3.1. Model Transformation Analysis

This section intends to devise the guidance strategy with angle constraints, leading
the UAV to fly according to the waypoints” instructions, and use the planned waypoints’
information to guide the aircraft to complete the flight path and obtain a safe trajectory
to the target point. As shown in Figure 2, the global waypoint information is known.
During each process, P; and P, are the waypoints for the next two moments. The angle
between the vector P; P» and the X-axis is denoted as g f—that is the angle constraint. It is
worth noting that when the UAV arrives at the last goal point, the vector angle is obtained
by connecting the current waypoint and the target point.
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Figure 2. Schematic diagram of path planning transformation model analysis.

The relative distance between the current position M and the next waypoint P;(T)
is denoted as R. 7 is the line of sight (LOS) angle, which is defined as rotating counter-
clockwise from the reference line and turning to the target line in a positive direction. 6 is
regarded as the leading angle. In the horizontal plane, <y is reckoned as the trajectory
deflection angle; however, in the vertical plane, < is reckoned as the trajectory inclination
angle. In order to distinguish the different states, the subscripts T and M represent the
relevant information of the waypoint in the next moment and the current information,
respectively. Correspondingly, V) is denoted as the current velocity of the UAV, and Vr is
the UAV’s velocity of the next moment.

Combined with the path planning scenario, it can be assumed that V7 = 0, and V) is
a constant. The motion equation of the aircraft moving from M to P; could be listed as:

‘fi—lf = —Vpcos0p
d VM i
a = Ksindy 3)

m =0m+rm

in this equation, corresponding with the above description, 0 is the current leading angle,
Y M is the current trajectory deflection angle and 7 is the current LOS angle.

Based on the above model, for the purpose of ensuring the convergence of the flight
process, a sliding mode control strategy with finite time convergence is designed to guide
the UAV.

3.2. Design of Sliding Mode Guidance Based on Angle Constraint with Finite-Time Convergence

According to the Equation (3), the relative normal velocity along the LOS between the
UAYV and the goal is recorded as V};, which can be expressed as follows [38]:

Vi, = Vysinfy = RZ—Z. 4)

Taking the derivative of Equation (4), we obtain:

Viu=Rj+Rij= R% + RVyrycosOpr = R% + n.gcosOyy, (5)
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where 7, is regarded as the control input instruction. Therefore, the designing course of the
guidance law can be described according to the design control input instructions, so that
the following formula is established:

{R@)%O ©
I (te) —n¢l — 0.
Define the sliding mode variables:
Xy =1n— 17f (7)
x2 = V}’l/

in which, 7 is the required angle constraint. Further, there are:
. o xZ
X1 = = 5
{ R, ®)
Xp = Vi = RE + ncgeost.

Through designing 7., the UAV meets (x1,x;) — 0 before reaching the target point.
Thus, Equation (6) is true. Define:

S=A(t)x; + x, 9)
For A(t), it should be:
Al < 21 (10)
|x1

So the designing goal is to construct A(t) to satisfy the above inequality. Thus, A(t)

can be noted as: Vv
Aty =
( ) |X1| + A

and A is a small positive number. When x; — 0, because of the existence of A, it can be
guaranteed that A(t) is bounded. Differentiating Equation (9), we obtain:

(11)

S = A(t)x1 + A(t)fcl + xp

_ [ VM -1 X2 (12)

—R|—= Onm.
AR ]R+ncgcosM

VM)t
(] + )21

According to the literature [39], we can define the following Barrier Lyapunov function:

Vl\zAT
54T, 13
/ V2 —(ttar (13)
where,
6= —A(t)xy, (14)
Differentiating (13):
: 0B . OB,
B(S) = gs + 55 .
ViuS Vm VM ) 9B .
= VI%/I—X%{[ (|x |+A)2| 1| + |X]‘ A _R]f +7’lchOSGM} 8(55
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Additionally, the following equation should be established:

0B 59 VT

a6 Jo g{vﬁl—(r—i—é)z

5 9 v
I T%m]“

ldt

(16)
:Vz—xz /VZ yS—i—J)
VZ
=§[—M __ 7,
[VAZA_X% gl
where,
CiviM (VM +S+)( %) )
25 (Vu=S=0)(1+¢-)
Thus,
B(s) = VS {[ UM M R12 4 ecost }+5[Vz—g]5 1)
V-4 (|x1|+A)21 T +a IR TTe8ostm vZ 2 el

According to the theory of sliding mode control, it can be known that only when
B(S) < 0 will meet the convergence condition and the design requirement. Therefore, 7. is

chosen as:
me=1d (- YmM ___Vm _R]B_5+V2 55;5 KiS — Kasign(S) ¢, (19)
c g (|x1|+A)2 |x1|+A R V2 1 2518

where K; and K; are parameters. The control results can be adjusted by regulating the
parameters. Moreover, the instruction is able to ensure that the designed guidance law can
converge in a finite time.

3.3. Stability Analysis

Theorem 1. Assume that there exists continuous positive definite function V(x), which is a
function of variable x, and V (x) meets the following inequality:

V(x)+T1V(x)+T,VP(x) <0, (20)

among them, I'1, Ty > 0,0 < B < 1. Then, the system will converge to the equilibrium point in a
finite time, and time T satisfies the following inequality:

1 | T VI7P(xg) 4+ T

T < n 21
~ (- I =
Theorem 2. If |xp| < , then the Lyapunov function defined by Equation (13) satisfies:
€2
B < . 22
- gz _ x% (22)
If S = 0, there is:

S=A(t)x1+x =0. (23)

In combination with (10), there is:

Vm

[x2| = [=A(H)x1] = A(t)[x1] < ]~ (24)

xl\
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Meanwhile, there is also:
R = —Vjcos0y < 0. (25)

Above all, R(t;) is bounded and R is negative, so there is always a finite time t; where
R(ts) = 0 s true.
From Equations (8) and (24), it can be seen that:

. X —A(t)x
n:f:—%ﬁ. (26)
Integrating both sides:
. E—A(t)x
(k) = xiltpexp Jim ([ =2 at) = 1y Jexp( o) =0, @)
which means,
x1(ts) = (ts) =5 = 0. (28)

This demonstrates that when S = 0, there must be R(ts) = 0 and 7(t) = 7.
B can be further expressed as:

. V2 / 1%
B = —Ki§* s — KifS|—=H—, (29)
m = 4 V2 — x2
M 2
where,
/ VZ
K= —X vy, (30)
VZ —x3
Thus, ,
B < —K;B —K;V/B. (31)

According to Theorem 1, B will converge in finite time, which means that the sliding
mode variable S can converge to 0 in finite time.

4. Simulation and Results
4.1. Simulation Results of Waypoints Optimization Based on Improved DB-RRT* Algorithm

Presume an existing 10,000 m x 10,000 m plane, set the starting point coordinates as
(0,0), and the target point coordinates as (9000 m, 7000 m). The other parameters can be
checked in the literature [32]. The different configurations in the simulation scenes can
be equivalent to the obstacles, radar detection range, threats, or no-fly zones encountered
during flight. During the planning process, UAVs need to find a flight path that meets the
mission indicators and poses the least risk in the environment of threats and flight risks.

According to Figure 1, the improved RRT* algorithm is first used to generate the
corresponding path database. In order to demonstrate the performance of the path planning
results in the database, choose 10 paths to compare their length and time with the original
RRT* algorithm. The statistical results are shown in the following Figures 3 and 4:
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Figure 3. Schematic diagram of path planning transformation model analysis.
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Figure 4. Schematic diagram of path planning transformation model analysis.

Analyzing the data from Figures 3 and 4, it can be concluded that the developed RRT*
algorithm has notable improvements in both planning effectiveness and efficiency, with a
shorter planned path and reduced planning time. This result indicates that the improved
RRT* algorithm has certain advantages, which also guarantee the quality of data in the
path database.

The DB-RRT* algorithm provides optimized route information points. Due to the full
consideration of the constraint information of the vehicle and the cluster analysis through
the DB-RRT* algorithm, the randomization and contingency of the single planning result
can be avoided, and the results of the reliable route point are obtained. Furthermore,
reliable data support is provided for the subsequent flight trace flight, which also averts
the mismatch of data requirements caused by the separate design of path planning and
aircraft tracking among other problems. The simulation outcome is shown in Figure 5.

In Figure 5, the blue lines represent the path information database generated by the
improved RRT¥*, and the red line represents the path information obtained by the DB-
RRT* algorithm. It is able to be reckoned that the improved RRT* algorithm may cause
a few cases of planning failure. This phenomenon should be avoided in the application
scenarios of UAV autonomous flight. After combining the analysis and filtering functions
of DBSCAN, the failed waypoints will be excluded from the feasible solutions, which
will greatly promote the success rate of planning and ensure the sub-optimality of the
planning results.

What is more, through the assessment criterion, the safety performance and smooth-
ness of the path are further compared and filtered. However, due to security and optimiza-
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tion considerations, although some paths can still reach the target safely, they still will not
be screened out.

10,000
9,000
8,000
7,000
6,000
5,000
4,000
3,000

2,000 Hy

0 1,000 2,000 3,000 4,000 5000 6000 7,000 8000 9000 10,000

Figure 5. Path planning based on DB-RRT* algorithm.

4.2. Simulation Results of Sliding Mode Guidance Law Based on Angle Constraints with
Finite-Time Convergence

For the guidance law with angle constraint based on sliding mode control with fi-
nite time convergence designed in Section 3, the corresponding simulation verification is
carried out.

The simulation conditions are Vj; = 300 m/s. Take the starting point (0 m, 0 m) as
the origin, and the target point is denoted as (5000 m,50001/3 m). Thus, 17 = pi/6 rad.
The designing parameters are given as K1 = 0.2,K; = 0.02,A = 0.1, N = 3. And the angle
constraints are required as: 0, pi/6, £pi/3, pi/2, pi. The motion diagram, the overload
result graph, and the trajectory inclination angle result graph are shown in Figures 6-8.

10,000

9,000

8,000 -

7,000

6,000

5,000

zim

4,000

3,000

2,000

1,000

D " 1 1 I}
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

x/m

Figure 6. The motion graph in the two-dimensional plane under different angle constraints.
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Figure 7. The overload result graph under different angle constraints.
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Figure 8. The trajectory inclination angle result graph under different angle constraints.

It can be concluded from the simulation results that the guidance law with angle
constraint based on sliding mode control designed in this section can converge within
the finite time, and the designed overload instruction is within the available overload
range of the UAV. Given appropriate control parameters, the aircraft can reach the target
point with arbitrary angle constraints. This can lay the foundation for autonomous flight
guidance technology.

To further demonstrate the performance of our proposed guidance law, the pure
pursuit method [40] is compared with the proposed method. Given the starting point
position, target position, and terminal angle constraint, these two methods are adopted to
compare the results. The flight trajectory comparison diagram is shown in Figure 9, and the
command overload comparison diagram is in Figure 10.
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Figure 9. The trajectory comparison diagram of the two methods.
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Figure 10. The overload comparison diagram of the two methods.

As seen from Figure 9, compared with the trajectory of the two methods, the trajectory
using the pure pursuit method is slightly longer compared with the trajectory of the
proposed method, resulting in a slightly longer flight time when using the pure pursuit
method. From Figure 10, the maximum overload using the pure pursuit method is also
larger than the maximum overload in our proposed method. Therefore, in such application
scenarios, the proposed algorithm has slightly better performance in flight time, flight path

length, and overload.

4.3. Simulation Results of Autonomous Flight Guidance Technology

Based on the above statements, the entire process of autonomous flight technology of
aircraft can be shown as Figure 11.
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Figure 11. Flow chart of the automated flight technology process.

The whole process can be described as follows: the mission planning system gives the
initial point information, target point information, and environmental obstacle information.
According to the instructions, the proposed DB-RRT* algorithm generates a series of
waypoints to make sure there is an optimized, reliable, and safe path. The above process is
designed offline. Knowing the generated waypoint information, the aircraft can track the
waypoint information online based on the sliding mode guidance algorithm, and finally
obtain the actual flight trajectory result.

For verifying the strategy of “offline design + online flight”, simulation verification is
carried out. Set the initial starting point as (0 m, 0 m), and V = 250 m/s. The parameters
are denoted as N = 3, K = 3. For other specific parameters, please refer to the simulation
parameters in Sections 4.1 and 4.2. The radar threat, fire threat, obstacle, and no-fly area in
the environment are reasonably simplified and equivalent to different graphics. Combined
with the content designed in Sections 2 and 3, simulation verification under different
scenarios is carried out. The simulation results are shown in Figures 12 and 13.

As the simulation outcomes display, the improved DB-RRT* method can successfully
obtain safe and feasible flight paths for UAVs in different environments. From the simula-
tion results, it can be drawn that the planned path is sub-optimal, and the process of path
planning and iteration also ends quickly. Combining the finite-time convergence guidance
law with angle constraints and adopting the framework structure of “off-line planning
+ online flight”, the UAV can be controlled to complete the flight path autonomously
according to the waypoint information within a limited time.

Additionally, in different scenarios, the aircraft can generate a safe and sub-optimal
path to reach the target point, proving the effectiveness of the proposed strategy.
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Figure 12. Autonomous flight diagram 1 in two-dimensional plane under different command.



Drones 2024, 8, 9

15 of 17

10,000
8,000
6,000
£
==
4,000 |
E
2,000 il
]
* ES > -
* i L L \ L |
0 2,000 4,000 6,000 8,000 10,000
x/m

Figure 13. Autonomous flight diagram 2 in two-dimensional plane under different command.

5. Conclusions

To further enhance the autonomous flight and planning capability of UAVs, this pa-
per presents a framework and scheme to integrate path planning and trajectory tracking
technology. Firstly, the RRT* algorithm is improved. The promoted algorithm is about 20%
shorter than the original path length, with a 50% reduction in planning time. Furthermore,
an improved DB-RRT* algorithm is proposed to optimize and extract the waypoints. The as-
sessment criterion is established to evaluate the flight reliability and optimization degree of
the generated trajectories, overcome the contingency and randomness of single planning of
RRT* algorithm, and obtain the planned waypoint information that meets the constraints
of aircraft dynamics, ensuring the safety and reliability of the UAV. Secondly, the guidance
problem of the aircraft is transformed into the trajectory tracking problem. On this basis,
the angle-constrained guidance law with finite time convergence is devised, and its stability
as well as the characteristics of finite time convergence are proved. The “offline design +
online flight” scheme can navigate the aircraft based on the waypoint information and com-
plete the trajectory tracking. Lastly, the key technologies are validated through a series of
simulations. Furthermore, under the integrated framework, the aircraft can autonomously
navigate to the destination and avoid obstacles, and the real-time step size of the simulation
meets the data transmission requirements during the actual flight, offering the advantage
of online real-time planning. Above all, the feasibility of the utilized method is proven to
offer a solution and provides technical support for the realization of the autonomy and
intelligence of UAVs.

Author Contributions: Conceptualization, M.G., T.Y.,, W.F,, Z.F. and H.G.; methodology, M.G., T.Y.
and Z.F,; software, M.G. and Z.F,; validation, M.G., T.Y. and H.G.; formal analysis, M.G., T.Y. and
W.E; resources, W.E,; writing—original draft preparation, M.G., Z.F. and H.G.; writing—review and
editing, M.G. and Z.F,; supervision, T.Y. and W.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
6200021046) and supported by Fundamental Research Funds for the Central Universities.

Data Availability Statement: All data used during the study appear in the submitted article.

Conflicts of Interest: All the authors declare that they have no known competing financial interests
or personal relationships that could appear to influence the work reported in this paper.



Drones 2024, 8, 9 16 of 17

References

1. Hussein, M.; Nouacer, R.; Corradi, F.; Ouhammou, Y.; Villar, E.; Tieri, C.; Castifieira, R. Key technologies for safe and autonomous
drones. Microprocess. Microsyst. 2021, 87, 104348. [CrossRef]

2. Yang, S.; Yu, G.; Meng, Z.; Wang, Z.; Li, H. Autonomous Obstacle Avoidance and Target Tracking of UAV Based on Deep
Reinforcement Learning. J. Intell. Robot. Syst. 2022, 104, 60. [CrossRef]

3. Wu, A.; Yang, R,; Liang, X.; Zhang, J.; Qi, D.; Wang, N. Visual Range Maneuver Decision of Unmanned Combat Aerial Vehicle
Based on Fuzzy Reasoning. Int. |. Fuzzy Syst. 2021, 24, 519-536. [CrossRef]

4. Woo, J.W,; Choi, Y.S.; An, ].Y,; Kim, C.J. An Approach to Air-to-Surface Mission Planner on 3D Environments for an Unmanned
Combat Aerial Vehicle. Drones 2022, 6, 20. [CrossRef]

5. Bolognini, M.; Fagiano, L.; Limongelli, M.P. A fault-tolerant automatic mission planner for a fleet of aerial vehicles. Control Eng.
Pract. 2023, 135, 105501. [CrossRef]

6. Aggarwal, S.; Kumar, N. Path planning techniques for unmanned aerial vehicles: A review, solutions, and challenges. Com-
put. Commun. 2020, 149, 270-299. [CrossRef]

7. Gasparetto, A.; Boscariol, P.; Lanzutti, A.; Vidoni, R. Path Planning and Trajectory Planning Algorithms: A General Overview.
Mech. Mach. Sci. 2015, 29, 3-27. [CrossRef]

8. Chang, ]J.; Dong, N.; Li, D.; Ip, WH.; Yung, K.L. Skeleton Extraction and Greedy-Algorithm-Based Path Planning and its
Application in UAV Trajectory Tracking. IEEE Trans. Aerosp. Electron. Syst. 2022, 58, 4953-4964. [CrossRef]

9. Li, C; Huang, X,; Ding, J.; Song, K.; Lu, S. Global path planning based on a bidirectional alternating search A* algorithm for
mobile robots. Comput. Ind. Eng. 2022, 168, 108123. [CrossRef]

10. Maurovi¢, I; Seder, M.; Lenac, K.; Petrovi¢, I. Path Planning for Active SLAM Based on the D* Algorithm With Negative Edge
Weights. IEEE Trans. Syst. Man Cybern. Syst. 2018, 48, 1321-1331. [CrossRef]

11. Li, I-H,; Chien, Y.-H.; Wang, W.-Y.; Kao, Y.-F. Hybrid Intelligent Algorithm for Indoor Path Planning and Trajectory-Tracking
Control of Wheeled Mobile Robot. Int. ]. Fuzzy Syst. 2016, 18, 595-608. [CrossRef]

12.  Campbell, S.; O’'Mahony, N.; Carvalho, A.; Krpalkova, L.; Walsh, J. Path Planning Techniques for Mobile Robots A Review. In
Proceedings of the 2020 6th International Conference on Mechatronics and Robotics Engineering (ICMRE), Barcelona, Spain,
12-15 February 2020.

13. Liu, C.; Wu, L.; Xiao, W,; Li, G.; Xu, D.; Guo, J.; Li, W. An improved heuristic mechanism ant colony optimization algorithm for
solving path planning. Knowl.-Based Syst. 2023, 271, 110540. [CrossRef]

14. Zong, C.; Han, X,; Zhang, D.; Liu, Y.; Zhao, W.; Sun, M. Research on local path planning based on improved RRT algorithm.
Proc. Inst. Mech. Eng. Part D |. Automob. Eng. 2021, 235, 2086-2100. [CrossRef]

15. Pharpatara, P.; Hérissé, B.; Bestaoui, Y. 3-D Trajectory Planning of Aerial Vehicles Using RRT*. IEEE Trans. Control Syst. Technol.
2017, 25, 1116-1123. [CrossRef]

16. Yi,]; Yuan, Q.; Sun, R.; Bai, H. Path planning of a manipulator based on an improved Prgrr* algorithm. Complex Intell. Syst. 2022,
8,2227-2245. [CrossRef] [PubMed]

17. Zhou, Y,; Zhang, E.; Guo, H.; Fang, Y.; Li, H. Lifting path planning of mobile cranes based on an improved RRT algorithm.
Adv. Eng. Inform. 2021, 50, 101376. [CrossRef]

18. Ding, J.; Zhou, Y.; Huang, X,; Song, K.; Lu, S.; Wang, L. An improved RRT* algorithm for robot path planning based on path
expansion heuristic sampling. J. Comput. Sci. 2023, 67, 101937. [CrossRef]

19. Wang, J.; Chi, W,; Li, C.; Meng, M.Q.H. Efficient Robot Motion Planning Using Bidirectional-Unidirectional RRT Extend Function.
IEEE Trans. Autom. Sci. Eng. 2022, 19, 1859-1868. [CrossRef]

20. Chen, X; Fan, J. UAV trajectory planning based on APF-RRT* algorithm with goal-biased strategy. In Proceedings of the 2022
34th Chinese Control and Decision Conference (CCDC), Hefei, China, 21-23 May 2022; pp. 3253-3258. [CrossRef]

21. Fan,],; Chen, X,; Liang, X. UAV trajectory planning based on bi-directional APF-RRT* algorithm with goal-biased. Expert Syst.
Appl. 2023, 213, 119137. [CrossRef]

22. Stano, P; Montanaro, U.; Tavernini, D.; Tufo, M.; Fiengo, G.; Novella, L.; Sorniotti, A. Model predictive path tracking control for
automated road vehicles: A review. Annu. Rev. Control 2023, 55, 194-236. [CrossRef]

23. Song, K.; Pan, X,; Hu, Z;; Jia, Y.; Huang, ]. Motion control of connected and automated vehicles in a lane-changing scenario with
guaranteed tracking performance. Int. . Robust Nonlinear Control 2023, 33, 3399-3419. [CrossRef]

24. Dai, L.; Yu, Y;; Zhai, D.-H.; Huang, T.; Xia, Y. Robust Model Predictive Tracking Control for Robot Manipulators with Disturbances.
IEEE Trans. Ind. Electron. 2021, 68, 4288-4297. [CrossRef]

25. Chang, M.K;; Lee, S.H.; Chung, C.C. On-Road Path Generation and Control for Waypoints Tracking. IEEE Intell. Transp. Syst.
Mag. 2017, 9, 36-45.

26. Wu, Y,; Wang, L.; Li, E; Zhang, ]. Robust sliding mode prediction path tracking control for intelligent vehicle. Proc. Inst. Mech.
Eng. Part I]. Syst. Control Eng. 2022, 236, 1607-1617. [CrossRef]

27. Zhang,].]J.; Fang, Z.L.; Zhang, Z.Q.; Gao, R.Z.; Zhang, S.B. Trajectory Tracking Control of Nonholonomic Wheeled Mobile Robots
Using Model Predictive Control Subjected to Lyapunov-based Input Constraints. Int. |. Control. Autom. Syst. 2022, 20, 1640-1651.
[CrossRef]

28. Zhang, X.; Song, B.; Yang, Z.; Huang, | ; Jia, Y. Optimal robust vehicle motion control under equality and inequality constraints.

Asian ]. Control 2022, 25, 2031-2047. [CrossRef]


http://doi.org/10.1016/j.micpro.2021.104348
http://dx.doi.org/10.3233/JIFS-211192
http://dx.doi.org/10.1007/s40815-021-01158-y
http://dx.doi.org/10.3390/drones6010020
http://dx.doi.org/10.1016/j.conengprac.2023.105501
http://dx.doi.org/10.1016/j.comcom.2019.10.014
http://dx.doi.org/10.1007/978-3-319-14705-5_1
http://dx.doi.org/10.1109/TAES.2022.3198925
http://dx.doi.org/10.1016/j.cie.2022.108123
http://dx.doi.org/10.1109/TSMC.2017.2668603
http://dx.doi.org/10.1007/s40815-016-0166-0
http://dx.doi.org/10.1016/j.knosys.2023.110540
http://dx.doi.org/10.1177/0954407021993623
http://dx.doi.org/10.1109/TCST.2016.2582144
http://dx.doi.org/10.1007/s40747-021-00628-y
http://www.ncbi.nlm.nih.gov/pubmed/35079563
http://dx.doi.org/10.1016/j.aei.2021.101376
http://dx.doi.org/10.1016/j.jocs.2022.101937
http://dx.doi.org/10.1109/TASE.2021.3130372
http://dx.doi.org/10.1016/j.eswa.2022.119137
http://dx.doi.org/10.1016/j.eswa.2022.119137
http://dx.doi.org/10.1016/j.arcontrol.2022.11.001
http://dx.doi.org/10.1002/rnc.6567
http://dx.doi.org/10.1109/TIE.2020.2984986
http://dx.doi.org/10.1177/09596518221107315
http://dx.doi.org/10.1007/s12555-019-0814-x
http://dx.doi.org/10.1002/asjc.2844

Drones 2024, 8, 9 17 of 17

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Li, H;; Huang, J.; Yang, Z.; Hu, Z,; Yang, D.; Zhong, Z. Adaptive robust path tracking control for autonomous vehicles with
measurement noise. Int. J. Robust Nonlinear Control 2022, 32, 7319-7335. [CrossRef]

Zhao, Y.Y,; Yang, Z.; Kong, W.R.; Piao, H.Y.; Huang, ].C; Lv, X.F,; Zhou, D.Y. Hybrid gradient vector fields for path-following
guidance. Def. Technol. 2022, 28, 165-182. [CrossRef]

Woo, ] W.; An, ].Y.; Cho, M.G.; Kim, CJ. Integration of path planning, trajectory generation and trajectory tracking control for
aircraft mission autonomy. Aerosp. Sci. Technol. 2021, 118, 107014. [CrossRef]

Gao, M; Yan, T,; Li, Q.; Fu, W,; Feng, Z. Path Planning of Improved RRT* Based on DBSCAN Algorithm. In Proceedings of
the 2022 International Conference on Autonomous Unmanned Systems (ICAUS 2022), Xi'an, China, 22-24 September 2022;
pp. 1973-1984.

Scitovski, R.; Sabo, K. DBSCAN-like clustering method for various data densities. Pattern Anal. Appl. 2020, 23, 541-554. [CrossRef]
Galén, S.F. Comparative evaluation of region query strategies for DBSCAN clustering. Inf. Sci. 2019, 502, 76-90. [CrossRef]
Kumar, S.; Rao, S.; Ghose, D. Sliding-Mode guidance and control for all-aspect interceptors with terminal angle constraints.
J. Guid. Control Dyn. 2012, 35, 1230-1246. [CrossRef]

Song, J.; Song, S.; Zhou, H. Adaptive nonsingular fast terminal sliding mode guidance law with impact angle constraints. Int. J.
Control. Autom. Syst. 2016, 14, 99-114. [CrossRef]

Chen, Q.; Wang, X,; Yang, J.; Wang, Z. Trajectory-following guidance based on a virtual target and an angle constraint. Aerosp.
Sci. Technol. 2019, 87, 448-458. [CrossRef]

Tan, Y.; Jing, W.; Gao, C.; An, R. Adaptive improved super-twisting integral sliding mode guidance law against maneuvering
target with terminal angle constraint. Aerosp. Sci. Technol. 2022, 129, 107820. [CrossRef]

Tee, K.P; Ge, S.S. Control of state-constrained nonlinear systems using Integral Barrier Lyapunov Functionals. In Proceedings of
the 2012 IEEE 51st IEEE Conference on Decision and Control (CDC), Maui, HI, USA, 10-13 December 2012; pp. 3239-3244.
Medagoda, E.D.B.; Gibbens, PW. Synthetic-Waypoint guidance algorithm for following a desired flight trajectory. J. Guid. Control.
Dyn. 2010, 33, 601-606. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1002/rnc.6218
http://dx.doi.org/10.1016/j.dt.2022.11.001
http://dx.doi.org/10.1016/j.ast.2021.107014
http://dx.doi.org/10.1007/s10044-019-00809-z
http://dx.doi.org/10.1016/j.ins.2019.06.036
http://dx.doi.org/10.2514/1.55242
http://dx.doi.org/10.1007/s12555-014-0155-8
http://dx.doi.org/10.1016/j.ast.2019.02.034
http://dx.doi.org/10.1016/j.ast.2022.107820
http://dx.doi.org/10.2514/1.46204

	Introduction 
	Waypoint Generation Technology Based on Improved DB-RRT* Algorithm 
	Environment Modeling
	The Improved DB-RRT* Algorithm
	The Improved DB-RRT* Algorithm Flow

	Sliding Mode Autonomous Flight Guidance Technology Based on Angle Constraints with Finite-Time Convergence 
	Model Transformation Analysis
	Design of Sliding Mode Guidance Based on Angle Constraint with Finite-Time Convergence
	Stability Analysis

	Simulation and Results 
	Simulation Results of Waypoints Optimization Based on Improved DB-RRT* Algorithm
	Simulation Results of Sliding Mode Guidance Law Based on Angle Constraints with Finite-Time Convergence
	 Simulation Results of Autonomous Flight Guidance Technology

	Conclusions
	References

