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Abstract: In order to improve safety and reduce energy consumption, a path planning method for the transition of plant 
protection unmanned aerial vehicles (UAVs) in mountainous and hilly terrain between different plots based on improved A* 
algorithm was proposed.  According to the height of three-dimensional terrain information, a raster voxel map was built.  The 
search space was determined by assigning weights to each grid.  The wind cost was introduced into the actual cost function to 
improve the algorithm.  Different weight parameters were set for distance cost and wind cost.  Simulation experiments were 
carried out in the fixed wind field and the variable wind field respectively to obtain the track length and flight time of path 
planning.  The simulation results showed that compared with the classic A* algorithm, the improved A* algorithm could save 
9.76%, 7.22% and 11.4% in trajectory, energy and time at the maximum under the condition of fixed wind.  Under the 
condition of variable wind field, the maximum trajectory, energy and time saving percentage was 27.6%, 33.1% and 26.2% 
respectively compared with the classic A* algorithm.  The proposed algorithm could effectively plan a safe and reliable 
three-dimensional flight path, which provided an effective method for better application of plant protection UAVs in complex 
hilly terrain. 
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1  Introduction  

In recent years, plant protection unmanned aerial vehicles 
(UAVs) have developed rapidly and been widely used in mountain 
orchards[1].  Plant protection UAV usually operated in small areas 
in mountainous and hilly areas.  After the UAV was completed in 
one orchard, it need to go to the next orchard for plant protection 
operations[2].  Because of uneven mountain height and complex 
terrain, fixed height or manual flight could not meet the 
optimization requirements of safety and energy consumption.  In 
order to improve the working efficiency of agricultural UAV and 
increase the total working area per unit time, it’s necessary to plan 
a safe and reliable three-dimensional flight path with shorter range 
and less time from the current working site to the waiting site. 

Common path planning methods include artificial potential 
field method, Dijkstra algorithm, A* algorithm, genetic algorithm, 
ant colony algorithm, simulated annealing algorithm, particle 
swarm optimization algorithm, cuckoo algorithm, etc., and these 
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algorithms have also been widely used in unmanned vehicles and 
robots[3-9].  A* algorithm is one of the most effective classical 
heuristic search algorithms for the shortest path.  Shuai Zhang[10] 
adopted the method of cyclic node expansion, which made up for 
the deficiency that the classical A* algorithm could only expand 
nodes in a specific direction according to a specific step.  
Yunhong Ma[11] aimed at the complexity of UAV flight 
environment in low-altitude penetration, comprehensively 
considering flight height, track length and other weight factors to 
search for the optimal route.  On the basis of considering the 
gradient of three-dimensional terrain, Dequn Zhao[12] obtained the 
optimal path in accordance with walking habits by using A* 
algorithm. 

Wind has a great influence on the flight speed of plant 
protection UAV[13].  In the process of path planning, not only 
terrain factors should be considered, but also wind field 
information should be incorporated into the path planning 
algorithm[14-16].  Nicola Ceccarelli[17] discussed the flight path 
planning of UAV under the action of constant wind.  Based on the 
cost of flight time, Yaohong Qu[18] used the improved A* search 
algorithm to search the track under downwind conditions.  
Aiming at the problem of three-dimensional path planning of UAV 
in complex mountain environment, an improved A* algorithm for 
trajectory planning of agricultural UAV under three-dimensional 
wind field was proposed. 

2  Materials and methods 

2.1  Environmental modeling 
2.1.1  Terrain model 

Parameters such as spray volume, spray concentration, 
operating width, flight speed and flight altitude need not be taken 
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into account in the non-operational process.  When flying from 
the current block to the target block, the constraints are mainly 
terrain and wind field.  Therefore, it is necessary to establish the 
terrain model[19] and wind field model before route planning. 

The classic A* algorithm is a simple global path planning on 
the two-dimensional plane[20,21].  Some researchers conducted 
three-dimensional track planning by using function to establish 
mountain approximate model[22,23].  This modeling method is 
quite different from the actual situation and is impractical.  

According to the measured elevation data of a certain place, a 
spatial Cartesian coordinate system with longitude as Xe axis, 
latitude as Ye axis and height as Ze axis was established in this 
paper, which was called the ground coordinate system.  The 
coordinate information of each point was imported into MATLAB 
to reconstruct 3D.  The terrain was the mountain height data in the 
area of 200 m×200 m.  It was stipulated that the height of the 
lowest point on the map was 0 m, the relative height of the highest 
point was 196.5 m, and the maximum height of Ze axis was 200 m.  
The mathematical model for 3D reconstruction was shown in 
Figure 1. 

 
Figure 1  Terrain data 

 

In this paper, the terrain environment was modeled by using 
grid method.  In the three-dimensional space including the starting 
point and the target point, they were separated into cube elements 
with the same size along the Xe, Ye and Ze axes, and each cube 
could be determined by the unique coordinate value Qi(xi, yi, zi).  
Therefore, path planning problem in three-dimensional space could 
be transformed into finding the coordinates of a series of points set 
{Q1, Q2, Q3，…, Qn}. 

In order to avoid the collision between UAV and hill, this paper 
presented the height information of hills in the environment grid[24].  
The existence state of all meshes could be expressed by a 
three-dimensional matrix P.  Matrix P numerical said the passage 
of each element in the state, 1 represented no thoroughfare, 0 meant 
could free passage area. 

Qi(xi, yi, zi) represented the location information of the grid, 
and P(i, j, k) represented the passable state of the grid.  When 
building the model, it was stipulated that: 
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When i = xi, j = yi, the grid at k≤zi+1 was impassable, which 
could guarantee UAV to keep a safe distance above the ground.  In 
order to avoid the collision between UAV and mountain side, it was 
stipulated that the flying height of UAV must be higher than the 

height of adjacent coordinate lines on XOY plane by a certain 
safety distance.  All other points whose P value was not equal to 1 
would be used as the search space of A* algorithm, and the goal of 
path planning was to find a set of optimal coordinates from the 
starting point to the end point. 
2.1.2  Wind vector model 

Wind has a great influence on the navigation and control of 
drones.  Different wind directions and wind force have different 
influences on the speed of UAV.  In this paper, an improved A* 
algorithm was used to plan the flight path of UAV in the wind field 
to make it fly as downwind as possible to save energy. 

Since the trajectory planning in this paper was carried out in 
three-dimensional space, the online estimation of the wind field 
needed to obtain the speed of the wind field in all directions in the 
three-dimensional space.  Its vector information could be 
expressed as: 
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where, wix(x, y, z, t) — the component of the wind speed in the Xe 
axis in the ground coordinate system, m/s; wiy(x, y, z, t) — the 
component of the wind speed in the Ye axis in the ground 
coordinate system, m/s; wiz(x, y, z, t) — the component of the wind 
speed in the Ze axis in the ground coordinate system, m/s. 

Wind speed could be calculated directly by using GPS speed 
and vehicle status information [25].Global positioning system 
provides a direct velocity measurement relative to the earth, 
accurate to about 0.1 m/s.  The wind speed is relative to the 
ground coordinate system.  Each part of the calculation formula is 
as follows: 

1
ix

iy

iz GPS

w x u
w y T v

z ww

−
⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= −
⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦⎣ ⎦
             (3) 

cos cos cos sin sin
sin sin cos cos sin sin sin sin cos cos sin cos
cos sin cos sin sin cos sin sin sin cos cos cos

T
θ ψ θ ψ θ

φ θ ψ φ ψ φ θ ψ φ ψ φ θ
φ θ ψ φ ψ φ θ ψ φ ψ φ θ

=

−⎡ ⎤
⎢ ⎥− +
⎢ ⎥+ −⎣ ⎦

  

(4) 
where, x — the velocity component of the drone on the Xe axis of 
the ground coordinate system, m/s; y — the velocity component of 
the drone on the Ye axis of the ground coordinate system, m/s; 
z — the velocity component of the drone on the Ze axis of the 

ground coordinate system, m/s; T-1 — the cosine matrix in the 
direction of the transformation from body frame XbYbZb to ground 
frame XeYeZe

[25]; u — the velocity component of the drone on the Xb 
axis of the body coordinate system, m/s; v — the velocity 
component of the drone on the Yb axis of the body coordinate 
system, m/s; w — the velocity component of the drone on the Zb 
axis of the body coordinate system, m/s; θ — the angle between the 
frame coordinate axis Xb and the ground coordinate axis Xe, rad;  
ψ — the angle between the frame coordinate axis Yb and the ground 
coordinate axis Ye, rad; 

 
— the angle between the frame 

coordinate axis Zb and the ground coordinate axis Ze, rad. 
The matrix T and T-1 are inverse matrices.  Equations (2), (3) 

and (4) can estimate the wind speed vector and obtain its 
components in the ground coordinate system XeYeZe. 
2.2  Three-dimensional path planning algorithm 
2.2.1  Classic A* algorithm 

A* algorithm is a heuristic search algorithm with evaluation 
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function.  When the UAV is moving, the algorithm evaluates the 
feasibility of the surrounding area, path cost and other parameters.  
According to the estimated cost, the position of the next target 
point of UAV is selected until the termination coordination point is 
found.  The mathematical formula is as follows: 

f(n) = g(n) + h(n)                (5) 
f(n) is the cost estimate of  N nodes from the initial coordinate 

point to the terminating coordinate point, which is called the cost 
function; g(n)is the actually generated value from the initial 
coordinate point to the node N in the search space; h(n)is the 
estimated algebraic value of the best path from node N to the 
ending coordinate point, which is called heuristic function. 
2.2.2  Improved A* algorithm 

In order to reduce energy consumption, when UAV flies at a 
certain speed, it is necessary to design a flight path with shorter 
flight path and shorter flight duration.  The improved A* 
algorithm introduces distance energy cost and wind field cost to 
evaluate the actual power generation g(n).  Distance energy cost 
represents the power consumption caused by the actual flight 
distance of UAV from the initial node to the extended node.  Since 
the acceleration in the Ze axis direction during the climb and 
descent process will cause the UAV to generate additional energy 
consumption, the distance energy consumption in the horizontal 
and vertical directions must be calculated separately[26].  The wind 
field cost indicates the influence of wind speed vector on the 
direction of extended node.  When the included angle between the 
wind speed vector and the heading direction of UAV is zero, the 
cost of wind field is the smallest.  Therefore, the actually 
generated value G(n) could be expressed as: 

G(n) = λ1D(n) + λ2W1(n)             (6) 
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where, λ1 — the weight of the energy cost for distance; λ2 — the 
weight of the wind field cost; r1 — energy consumption per unit 
distance for horizontal motion, J/m; r2 — energy consumption per 
unit distance for vertical motion, J/m; Ω — the angle between the 
wind speed vector and the direction of flight speed, rad. 

λ1+λ2=1. When λ1=1, λ2=0, the algorithm is classic A* 
algorithm. According to the parameter setting method in 
reference[27], r1=106 J/m, r2=340 J/m. 

In the path planning process, the heuristic function is expressed 
as the estimated distance energy consumption between the current 
node and the target point of the drone: 

H(n) = r1(|xl – xn| + |yl – yn|) + r2|zl – zn|          (9) 
where, (xn, yn, zn) — current coordinate; (xl, yl, zl) — target point 
coordinate 

Therefore, the improved A* algorithm can be expressed as: 
F(n) = λ1D(n) + λ2W1(n) + H(n)            (10) 

In the process of algorithm searching, the position of the next 
node is determined by finding the minimum value of the current 
parent node F(n).  Record the best expanding direction for each 
parent node.  After finding the end point, traverse backward along 
the extension direction to get a set of coordinates from the starting 
point to the end point.  Connecting these coordinate points in turn 
is the planned trajectory. 

By determining the search direction and step size, the search 
efficiency of the algorithm could be improved.  In this paper, the 
size of the environment grid was a 10×10×10 m cube.  Therefore, 
in the process of node expansion, it could be regarded as a particle 

without considering the yaw angle and the minimum turning radius 
of UAV in the flight.  In three-dimensional space, when searching 
from the current parent node to the child node, it could be 
expanded along the three coordinates Xe, Ye and Ze of the ground 
coordinate system.  If the step length along each coordinate axis 
was set to 1, the increment of coordinate values of Xe, Ye and Ze 
axis could be 1, 0 and –1.  Since both the starting point and the 
ending point were known, in order to simplify the searching 
process and improve the efficiency and real-time performance of 
the algorithm, a specific direction could be designated as its main 
searching direction.  Xe was the main search direction in this paper.  
If each child node can only search along the Xe axis, it was 
impossible to effectively avoid large obstacles.  Therefore, during 
the node expansion, the increment of Xe axis coordinates were 
specified as 1 and 0, the search direction of Ye and Ze coordinates 
axis were not limited.  The schematic diagram of the node to be 
searched was shown in Figure 2. 

 

Figure 2  Node to be searched 
 

After the improvement, the number of search nodes of A* 
algorithm in three-dimensional space is reduced from 26 to 17.  
Vector dir represented the search direction and its modulus 
represented the step size.  There were 5 nodes with step length l, 8 
nodes with step length 2l , and 4 nodes with step length 3l . 
2.3  Actual flight speed and track length 

It is assumed that the UAV flies at a constant speed under the 
frame coordinate system XbYbZb.  Under the action of the wind, 
due to the different flight directions in the ground coordinate 
system XeYeZe, there will be different flight speed. 

 

Figure 3  Velocity vector diagram 
 

According to the vector triangle method,  and  are the 
UAV velocity and wind speed vectors.  Figure 3 shows the trend 
of it.  The magnitude of the velocity components are Fa and Vw.  
Vector  represents the actual ground speed of the UAV, and the 
magnitude of the velocity Vf is: 

2 2 2 cosf a w a wV V V V V= + − Ω            (11) 
where, Vf — ground speed of the UAV, m/s; Va — airspeed of the 
UAV, m/s; Vw — wind speed, m/s. 

Assuming that the airspeed of UAV remains constant, its actual 
flying speed will be affected by the wind.  When UAV flies from 
the current node to the next node, the actual flight distance is: 

2 2 2
1 1 1( ) ( ) ( ) ( )n n n n n nH n x x y y z z+ + += − + − + −     (12) 

The actual flight time is: 
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Since the energy consumption H of plant protection UAV is 
proportional to the flight time F(T).  The cost function could be 
expressed as follows[28]:  

minH = kF(T)                 (16) 
where, k — the proportional coefficient. 

So shorter flight time means better trajectory. 
2.4  Simulation Test 

When the starting and ending positions are known, the quality 
of the track is mainly expressed by such parameters as the length of 
the flight, power consumption, flight time and the degree of threat.  
In this paper, limiting factors such as terrain were excluded from 
the search range of the algorithm, and the planned path was 
considered safe and feasible.  In order to compare the advantages 
and disadvantages of this algorithm with the classic algorithm, the 
track length, distance energy consumption and flight time were 
analyzed. 
2.4.1  Fixed wind field 

It was assumed that the airspeed of UAV was Va=6 m/s, which 
remained unchanged.  The starting point was Qs = [1, 6, 7], the 
ending point was Qg = [21, 18, 18], and the direction vector 
connecting the starting point to the ending point was v= [20, 12, 
11].  When the angle between the wind speed vector and vector v 
was less than 90 degrees, it was downwind; when the included 
angle between the wind speed vector and vector v was greater than 
90 degrees, it was upwind.  There were downwind and upwind 
fixed wind fields that have been set respectively in this experiment.  
The magnitude of downwind field vector was set as Vw = [1 1 1], 
and the magnitude of upwind field vector was set as Vw = [–1 –1 –1].  
Under different λ1 and λ2 parameter values, the flight path length 
and flight time between the improved A* algorithm and the classic 
A* algorithm under different weights were compared. 
2.4.2  Variable wind field 

In actual flight, the wind field is not constant.  Therefore, path 
planning should be carried out according to the real-time changing 

wind field.  The UAV airspeed was assumed to be Va = 6 m/s and 
kept constant. The starting point was Qs′= [5 5 8], the ending point 
was Qg′= [20 20 15], and the direction vector connecting the 
starting point to the ending point was v′ = [15 15 7]. 

Wind speed vectors at different times can be represented by a 
set of three-dimensional vectors W(x, y, z).  

1 1 1
1 1 1( , , ) 1 1 0

1 1 0

W x y z

⎡ ⎤
⎢ ⎥− − −= ⎢ ⎥−⎢ ⎥
⎣ ⎦

 

Each row represented the wind speed vector at a given time, 
and each element represented its component expressed in m/s 
along the Xe, Ye and Ze axes.  The first line represented the wind 
speed vector under downwind conditions, and the second line 
represented the wind speed vector under upwind conditions.  
Because the product with vector v′ was zero, the third and fourth 
lines could represent wind speed vector under lateral wind 
conditions.  Assuming that the wind vector changed at the 
moment of t = 20 s.  Different wind fields were set up from 
upwind to lateral wind, downwind to lateral wind, lateral wind to 
upwind, and lateral wind to downwind, respectively.  Then, the 
classical A * algorithm was compared with the improved A* 
algorithm under different weights. 

3  Results and discussion 

3.1  Analysis of fixed wind field results 
Simulation 1- 3 in Table 1 was the trajectories planned by the 

classical A* algorithm under the conditions of no wind, downwind 
and upwind.  Its length was 354.35 m, and its distance energy 
consumption was 5758.2j.  Because of the actual flying speed of 
UAV is higher than airspeed when downwind, it could be seen from 
the flight time that the flight time become shorter under downwind 
conditions and increased under upwind conditions.  Therefore, the 
wind vector had a great influence on the actual flight time of UAV, 
so the influence of wind should be considered in the process of path 
planning. 

 

Table 1  Planned path and flight time of the classic A* 
algorithm 

No. Wind vector 
/m·s-1 

Track length 
/m 

Distance energy 
consumption/J 

Flight time 
/s 

1 [0 0 0] 354.35 5758.2 59.058 

2 [1 1 1] 354.35 5758.2 48.692 

3 [–1 –1 –1] 354.35 5758.2 72.617 
 

Table 2  Planned path and flight time under downwind conditions 

No. Parameter 
Wind vector  

/m·s-1 
Track length 

/mm 
Distance energy 
consumption/J 

Flight time
/s 

Percentage saving of 
track/% 

Percentage saving of  
energy/% 

Percentage saving of 
time/% 

[1 1 1] 328.49 5412.4 44.457 7.30 6.01 8.70 
1 λ1=0.8, λ2=0.2 

[–1 –1 –1] 328.49 5412.4 68.456 7.30 6.01 5.73 

[1 1 1] 320.71 5342.2 43.267 9.49 7.22 11.1 
2 λ1=0.6, λ2=0.4 

[–1 –1 –1] 327.53 5444.2 68.413 7.57 5.45 5.79 

[1 1 1] 320.70 5342.2 43.267 9.49 7.22 11.1 
3 λ1=0.4, λ2=0.6 

[–1 –1 –1] 320.70 5342.2 67.534 9.49 7.22 7.00 

[1 1 1] 319.74 5374.0 43.126 9.76 6.67 11.4 
4 λ1=0.2, λ2=0.8 

[–1 –1 –1] 336.31 5543.6 70.348 5.09 3.73 3.12 

[1 1 1] 328.02 5458.8 44.481 7.43 5.20 8.65 
5 λ1=0, λ2 =1 

[–1 –1 –1] 358.27 6876.2 74.252 –1.11 –19.4 –2.25 
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Table 2 showed the planning trajectories of the improved A* 
algorithm under different parameters.  Compared with the data in 
Table 1, it could be seen that the flight path length, distance energy 
consumption and flight time were all reduced under downwind 
conditions compared with the planning without considering wind 
field information.  When λ1=0.2, λ2=0.8, the shortest track length 
was 319.74 m ,and the total flight time was 42.9861 s.  Compared 
with the classic A* algorithm, the track and time were saved by 
9.76% and 11.4% ,respectively.  However, the distance energy 
consumption was not the lowest under this parameter.  When 
λ1=0.4, λ2=0.6, the distance generated the lowest energy 
consumption was 5342.2j.  At this point, the saving of energy was 
7.22%. 

Under upwind conditions: When λ1=0, λ2=1, the distance 
energy consumption coefficient was zero, so the planned path was 
seriously unreasonable.  Under this parameter, the track length, 
distance energy consumption and flight time all increase.  When 
λ1=0.4, λ2=0.6, the shortest track length was 320.70 m and the 
distance energy consumption was 5342.2j.  At this time, the total 

flight time was 67.534 s.  Compared with the classic A* algorithm, 
the saving of trajectory, energy consumption and time percentage 
were 9.49%, 7.22% and 7.00%, respectively. 

The results showed that the improved A* algorithm was better 
than the classic A* algorithm in planning path under the condition 
of fixed wind field.  The optimal trajectory planned under the 
conditions of no wind, downwind and upwind were shown in the 
red, purple and yellow lines in Figure 4. 
3.2  Analysis of variable wind field results 

(1) Upwind - lateral wind conditions 
Under the upwind - lateral wind conditions, the track length 

planned by the classic A* algorithm was 371.41 m, and the 
energy consumption was 6667.8j.  At the moment of t = 20 s, in 
the wind field where the wind vector changed from the upwind 
[–1 –1 –1] to the lateral wind [–1 1 0], the flight time was  
67.182 s.  In the wind field where the wind velocity vector 
changed from the lateral wind [1 –1 0] to the headwind [–1 –1 –1], 
the flight time was 65.358 s.  The planning path data in Table 3 
was contrasted with this data. 

 
Figure 4  Track planning for fixed wind field 

 

Table 3  Planned path and flight time under upwind - lateral wind conditions 

No. Parameter Wind vector  
/m·s-1 

Track length 
/mm 

Distance energy 
consumption/J

Flight time
/s 

Percentage saving of 
track/% 

Percentage saving of  
energy/% 

Percentage saving of 
time/% 

[–1 –1 –1] → [–1 1 0] 369.49 6731.4 66.905 0.517 –0.954 0.412 
1 λ1=0.8, λ2=0.2 

[1 –1 0] → [–1 –1 –1] 370.45 6699.6 65.063 0.258 –0.477 0.451 

[–1 –1 –1] → [–1 1 0] 354.38 6685.0 64.323 4.59 –0.258 4.26 
2 λ1=0.6, λ2=0.4 

[1 –1 0] → [–1 –1 –1] 369.49 6731.4 64.769 0.517 –0.954 0.901 

[–1 –1 –1] → [–1 1 0] 341.70 6519.4 62.859 8.00 2.23 6.43 
3 λ1=0.4, λ2=0.6 

[1 –1 0] → [–1 –1 –1] 335.84 6455.8 58.047 9.58 3.18 11.2 

[–1 –1 –1] → [–1 1 0] 279.74 4692.6 52.672 24.7 29.6 21.6 
4 λ1=0.2, λ2=0.8 

[1 –1 0] → [–1 –1 –1] 334.88 6487.6 57.752 9.84 2.70 11.6 

[–1 –1 –1] → [–1 1 0] 315.84 6501.2 58.946 15.0 2.50 12.3 
5 λ1=0, λ2 =1 

[1 –1 0] → [–1 –1 –1] 309.02 6141.8 53.152 16.8 7.89 18.7 
 

From upwind to lateral wind, When λ1=0.2, λ2=0.8, the shortest 
track length was 279.74 m and the energy consumption of this 
distance was 4692.6j.  At this time, the total flight time was 
52.672 s.  Compared with the classic A* algorithm, the saving of 
track, energy consumption and time percentage were 24.7%, 29.6% 
and 21.6%, respectively.  When {λ1=0.8, λ2=0.2}, {λ1=0.6, 
λ2=0.4}, the track length and flight time decreased slightly, but the 
energy consumption increased.  Because there are many climbing 
and descending processes in the planning, it would increase power 
consumption. 

From lateral wind to upwind, When λ1=0, λ2=1, the shortest 

track length was 309.02 m and the energy consumption of this 
distance was 6141.8j.  At this time, the total flight time was 
53.152 s.  Compared with the classic A* algorithm, the saving of 
track, energy consumption and time percentage were 16.8%, 7.89% 
and 18.7%, respectively. 

Under the upwind-lateral wind conditions, the 
three-dimensional planned trajectory and its projection on the XY 
plane were shown in Figure 5.  Among them, red represented the 
planned trajectory without considering the wind field information, 
and yellow indicated the planned track with optimal parameters 
after considering the wind field information. 
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a. Lateral wind [1 –1 0] to the upwind [–1 –1 –1] 

 
b. Upwind [–1 –1 –1] to the lateral wind [–1 1 0] 

Figure 5  Track planning with upwind - lateral wind conditions 
 

Table 4  Planned path and flight time under downwind - lateral wind conditions 

No. Parameter Wind vector  
/m·s-1 

Track length 
/mm 

Distance energy 
consumption/J

Flight time
/s 

Percentage saving of 
track/% 

Percentage saving of  
energy/% 

Percentage saving of 
time/% 

[1 1 1] → [–1 1 0] 369.49 6731.4 54.627 0.517 –0.954 0.505 
1 λ1=0.8, λ2=0.2 

[1 –1 0] → [1 1 1] 356.31 6621.4 54.257 4.07 0.695 4.77 

[1 1 1] → [–1 1 0] 355.34 6653.2 51.661 4.33 0.219 5.91 
2 λ1=0.6, λ2=0.4 

[1 –1 0] → [1 1 1] 356.31 6621.4 54.257 4.07 0.695 4.77 

[1 1 1] → [–1 1 0] 274.85 4597.2 41.410 26.0 31.1 24.6 
3 λ1=0.4, λ2=0.6 

[1 –1 0] → [1 1 1] 328.52 6339.2 49.319 11.5 4.93 13.4 

[1 1 1] → [–1 1 0] 268.99 4463.4 40.500 27.6 33.1 26.2 
4 λ1=0.2, λ2=0.8 

[1 –1 0] → [1 1 1] 335.84 6455.8 50.475 9.58 3.18 11.4 

[1 1 1] → [–1 1 0] 315.84 6501.2 45.535 15.0 2.50 17.1 
5 λ1=0, λ2 =1 

[1 –1 0] → [1 1 1] 309.02 6141.8 45.676 16.8 7.89 19.8 
 

(2) Downwind - lateral wind conditions 
Under the downwind - lateral wind conditions, the track length 

planned without considering the wind field information was  
371.41 m, and the energy consumption was 6667.8 J.  At the 
moment of t = 20 s, in the wind field where the wind vector changed 
from downwind [1 1 1] to lateral wind [–1 1 0], the flight time was 
54.904 s.  In the wind field where the wind vector changed from 
lateral wind [1 –1 0] to downwind [1 1 1], the flight time was 
56.974 s.  The planning path data in Table 4 was contrasted with 
this data. 

From downwind to lateral wind, When λ1=0.2, λ2=0.8, the 
shortest track length was 268.99 m and the energy consumption of 
this distance was 4463.4j.  At this time, the total flight time was 
40.500 s.  Compared with the classic A* algorithm, the saving of 
track, energy consumption and time percentage were 27.6%, 33.1% 
and 26.2%, respectively. 

From lateral wind to downwind, When λ1=0, λ2=1, the shortest 
track length was 309.02 m and the energy consumption of this 

distance was 6141.8j.  At this time, the total flight time was 
45.676 s.  Compared with the classical A* algorithm, the saving 
of track, energy consumption and time percentage were 16.8%, 
7.89% and 19.8% respectively.  When {λ1=0.8, λ2=0.2}, {λ1=0.6, 
λ2=0.4}, the planned trajectory were the same despite the different 
parameters.  This is because the algorithm in this paper expanded 
the nodes according to the size relation of the cost estimation.  
Here, although the weight of the wind field cost and the distance 
cost were different, the size relationship of the surrounding nodes 
was identical.  Therefore, the same track could be obtained under 
different weights. 

Under the downwind - lateral wind conditions, the 
three-dimensional planning track and its projection on the XY 
plane were shown in Figure 6.  Among them, red represented the 
planned trajectory without considering the wind field information, 
and yellow indicated the planned track with optimal parameters 
after considering the wind field information. 
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a. Lateral wind [1 –1 0] to downwind [1 1 1] 

 
b. Downwind [1 1 1] to lateral wind [–1 1 0] 

Figure 6  Downwind - lateral wind planning track 
 

4  Conclusions 

(1) An improved A* algorithm was proposed to solve the 
problem of continuous operation among multiple plots in 
mountainous areas of agricultural drone which combine wind field 
vector information and search direction.  The improved A* 
algorithm proposed in this paper could obtain a better flight path of 
plant protection UAV and reduce planning time, path length and 
total flight time. 

(2) By determining the main search direction in the 
three-dimensional space, the search node was reduced from the 
original 26 nodes to 17 nodes, which could effectively reduce the 
number of searches and improve the efficiency of the algorithm. 

(3) Integrating the wind cost into the actual cost function to 
improve the cost function could make the nodes of the path more 
inclined to search downwind.  It could effectively reduce the 
length of the planning path and the flight time.  Experiments were 
conducted  
in fixed and variable wind fields.  The results showed that 
compared with the classic A* algorithm, the total flight path length, 
energy consumption and the total flight time could be saved by 
27.6%, 33.1% and 26.2%, respectively. 
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