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Abstract: A spraying system for a plant-protection unmanned aerial vehicle (UAV) was designed to reduce spray drift.  A 
custom low-speed wind tunnel was constructed to generate a wind speed ranging from 0 to 5.92 m/s.  The results showed that 
the wind speed was attenuated with an increase in distance.  To compensate for the attenuation, a linear-fitting model was 
adopted.  Then, the relationship between the spraying pressure and atomization rate was analyzed, and a fuzzy algorithm was 
adopted to adjust the spraying angle and pressure according to the wind speed and its changing rate.  Finally, an evaluation of 
the proposed system in the compensated wind tunnel was conducted, and the drift distance was reduced by 33.7% compared 
with the system without adjustment of the spraying angle and pressure. 
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1  Introduction  

Plant-protection unmanned aerial vehicles (UAVs) are used to 
spray pesticides and have become increasingly common, due to the 
speed and effectiveness of the spraying operation[1-3].  During the 
spraying process, when the pesticide liquid is atomized through the 
nozzle, droplets of less than 150 μm are more sensitive to drift 
caused by wind[4,5], which can lead to damage to susceptible 
off-target crops, reduce the effectiveness of the pesticide, and cause 
environmental contamination, such as water pollution and illegal 
pesticide residues[6,7].  Therefore, the spray drift of pesticides 
away from the target compromises the effectiveness of UAV 
spraying and limits its wide application[8,9]. 

Recently, many researchers have focused on the reduction of 
spray drift and have found that the nozzle type, droplet size, 
working path of the UAV, and wind speed are the main influencing 
factors[10-12].  Torrent et al.[13] reported that the nozzle type is the 
one of the most important factors influencing spray drift.  Foque 
et al.[14] studied spraying performance on conical bay laurel using 
different spray nozzles and found that an extended range flat fan 
was the optimal nozzle type, due to the increased uniformity of its 
spray distribution.  To reduce spray drift and pesticide residues, 
Zhao et al.[15] investigated residues sprayed on wheat using 
different spraying nozzles and found that the combination of a 
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flat-fan nozzle (AD120-02) and a guided-baffle shield sprayer 
achieved the optimum spray drift for these plants.  Mercer[16] 
developed a spray capture model for the flow-through and over a 
shelterbelt to determine the capture efficiency of shelterbelts.  
Cock et al.[17] determined the optimum range of droplet sizes for 
applying an herbicide with a boom-sprayer using a combined 
Lagrangian droplet transport and retention model and found that 
the drift was decreased 67% when the medium droplet size was  
225 μm.  Hilz et al.[18] studied the relevant physical properties of 
agricultural spray liquids and found that drift risk was often 
correlated with spray droplet size, particularly with the percentage 
of fine spray droplets.  Miranda-Fuentes et al.[19] studied the 
parameters affecting the droplet size in pneumatic spraying to 
reduce spray drift and found that variations in the diameter of the 
spout significantly changed the droplet size.  Faial et al.[20] 
proposed a computer-based system with route metaheuristics that 
could adapt the route of UAV spraying to different wind conditions.  
Wang et al.[21] studied the spray drift of a UAV with a pre-defined 
flight path at wind speeds ranging from 0.76 to 5.5 m/s and 
reported that 90% of the drift was deposited within a range of 
9.3-14.5 m, and the safe area for spraying was more than 15 m.  
Heidary et al.[22] studied the effect of wind speed and nozzle type 
on spray drift in a wind tunnel and found that an increase in wind 
speed led to an increase in lateral spray drift values for all 
modalities.  Alves et al.[23] studied the drift from dicamba 
application under several wind speeds in a wind tunnel and found 
that when flat-fan nozzles were used, the spray drift increased 
exponentially as wind speed increased, whereas when a nozzle was 
used, the spray drift increased linearly with the increase in wind 
speed.  Ellis et al.[24] investigated a mathematical model of the 
droplet drift mass center distance versus electrostatic voltage and 
wind speed to determine optimum operational parameters for a 
conical electrostatic nozzle.  Although many researchers have 
systematically investigated the reduction of spray drift, the use of a 
fuzzy algorithm method to adjust the spraying angle and pressure to 
achieve reduction of spray drift has seldom been reported. 

In this study, a spraying system using a fuzzy algorithm to  
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achieve reduction of spray drift was designed.  The speed of the 
wind attenuation model was established to compensate for the 
spray drift.  Thus, the fuzzy decision table was determined by 
investigating the spraying angle and spraying pressure, where the 
relationship between the spraying pressure and spraying 
atomization rate (SAR) was studied to generate a control parameter 
of spraying pressure.  An evaluation of the proposed system was 
conducted in a compensated wind tunnel. 

2  Materials and methods 

2.1  Spraying system hardware 
The four-axis UAV (ZHKU-0404-01) manufactured by 

Zhongkai University of Agriculture and Engineering was used in 
the experiments, as shown in Figure 1.  Its key parameters are 
listed in Table 1.  The spraying system mounted on the UAV is 
mainly composed of wind sensors, a controller and spraying parts.  
Specifically, a wind speed detector (QS-FS01) and a wind direction 
detector (QS-FX01) in a wind sensor module are used to measure 
wind speed, which are located at a special position far from the 
wind fields generated by the UAV rotors.  Arduino 
(MEGA2560-R3) is adopted as the controller module.  The 
spraying parts include spraying nozzles (VP110-015), a water 
pump (QP-2203) and a steering motor (MG995).  The water pump 
is used to adjust the spraying pressure, and the steering motor is 
used to control the spraying angle of the nozzle via a torque 
adjustment structure.  The spraying angle can be adjusted between 
0° (in the vertical direction) and 90° (in the horizontal direction).  

 
a. Diagram of the hardware configuration on the UAV 

 
b. The hardware on the UAV 

Figure 1  Spraying system hardware 
 

Table 1  Key parameters of the ZHKU-0404-01 UAV 

Item Parameter 

Axis 4 
Flight speed/m·s-1 1-5 
Tank capacity/L 15 
Nozzle number 2-4 
Nozzle type Flat fan 
Spray boom length/m 2.2 
Spraying pressure/MPa 0.2-1.0 
Payload/kg 27 
Flight time/min 10 

According to the analog-to-digital converter method[25], the 
effective wind speed, W, can be calculated as follows: 

W = W0×sin(θ)                  (1) 
where, W0 is the detected wind speed, m/s; and θ is the angle 
between the direction of wind and the flying direction of the UAV. 
2.2  Spraying system software 

The flowchart of the software system is shown in Figure 2.  
After the initialization of the system, the wind speed and wind 
direction are detected by the wind sensors using a 0.1 s sampling 
period.  When the wind speed is less than 5.92 m/s and the 
changing rate of the wind speed is less than 1.5 m/s2, the work 
condition is satisfied, and the system will query the fuzzy decision 
table, which is determined as described in Section 3.3.  Then, the 
spraying pressure and spraying angle are calculated via the 
proposed fuzzy algorithm and translated to the water pump and 
steering motor, respectively.  The spraying pressure and spraying 
angle are saved in the electrically erasable programmable read only 
memory (EEPROM) in the control core and sent to an upper 
computer via wireless transmission for data analysis using 
LabVIEW.  Lastly, the system continues to receive wind speed 
and wind direction data and then follows the aforementioned loop. 

Denoting wind speed as W(t) at time t, the changing rate of 
wind speed g(t) at time t is defined as follows: 

 ( ) ( )( ) W t t W tg t
t

+ Δ −
=

Δ
             (2) 

where, Δt = 0.1 s. 

 
Figure 2  Program flow for adjusting the spraying angle and 

spraying pressure 
 

The detailed scheme of the fuzzy algorithm is shown in Figure 
3.  The effective wind speed (W) was calculated using Equation 
(1).  In the process of fuzzification, the membership of the wind 
speed and the changing rate of wind speed are determined 
according to the membership functions shown in Figure 4 
described below.  Then, the decision table is used to identify the 
spraying pressure and angle with the minimum drift distance during 
fuzzy decision making, while the optimal spraying pressure and 
angle are determined during defuzzification. 

 
Figure 3  Flowchart of the fuzzy algorithm 
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a. Wind speed 

 
b. Changing rate of wind speed 

Figure 4  Membership functions of the input variables  
 

The membership function during the process of fuzzification is 
considered as follows.  The wind speed under working conditions 
ranges from 0 to 5.92 m/s and is divided into five intersection 
groups: XS (extra small), S (small), M (medium), B (big), and XB 
(extra big).  The changing rate of the wind speed ranges from  
–1.5 m/s2 to 1.5 m/s2 and is divided into seven intersection groups, 
designated NB (negative big), NM (negative middle), NS (negative 
small), ZO (zero), PS (positive small), PM (positive middle), and 
PB (positive big), respectively. 

As for the defuzzification, the output spraying angle or 

spraying pressure is represented by u as follows: 
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where, x is the input such as wind speed or changing rate of wind 
speed; μi(x) is the membership function of i-th group; Ui is the 
center value of spraying angle or spraying pressure for i-th group, 
and n is the number of groups. 
2.3  Wind tunnel design 

Because the spraying operation was conducted at a height of 
approximately 1.20 m above the crops, a low-speed wind tunnel 
was designed to support a suitably windy environment for the 
experiments.  As shown in Figure 5, a wind tunnel with a size of 
1.20 m × 1.20 m × 3.50 m was constructed, mainly comprised of a 
power section, stability section, compression section, diffusion 
section, and an auxiliary circuit and control component.  The 
power section consisted of four brushless DC motors with a 
maximum working current of 50 A.  The stability section was 
mainly composed of a damping net and honeycomb, which could 
reduce the flow and swirl state of the air flow and improve the 
uniformity of the airflow[26].  The compression section was 
smaller by 0.5 m, to compress and accelerate the air flow; thus, the 
air stream was polymerized, and the kinetic energy of the air flow 
increased.  The main purpose of the diffusion section was to 
restore the pressure energy of the air flow.  The four brushless DC 
motors were controlled by an STM32 (STMicroelectronics 
STM32F107). 

 
a. Wind tunnel schematic 

 

 
b. Wind tunnel 

Figure 5  Diagram of the wind tunnel 
 

2.4  Experimental procedure 
To validate the performance of the proposed spraying system 

with a fuzzy algorithm, three experiments were carried out.  The 
first experiment was designed to compensate for the spray drift 
caused by an increasing distance to the wind tunnel, where the 
relationship between wind speed and the drift distance was studied 

using a wind attenuation model.  Then, the relationship between 
the spraying pressure and atomization was explored using a 
non-linear regression model to determine the control parameters of 
spraying pressure which were used in the third experiment.  The 
working wind speed at different settings of spraying pressure and 
angle was measured to calculate the fuzzy decision table.  Finally, 
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the performance of the whole proposed system was evaluated using 
the wind tunnel, as shown in Figure 6.  

 
Figure 6  Environment of spraying experiment 

 

The atmospheric pressure of the experimental environment was 
109.5 kPa in a closed lab with a temperature of 28.3°C.  The wind 
tunnel was set in the center of the lab approximately 12 m from the 
surrounding isolation walls, where 10 m distance was reserved.  
The nozzle was fixed at a height of 1.2 m and situated 0.5 m from 
the wind tunnel.  A droplet collector with a size of 5.5 m × 1.6 m 
was placed in front of the wind tunnel, which was tilted 5° with 
respect to the ground plane.  The groove of the droplet collector 
was 0.18 m and at an angle to the wind direction.  To test the wind 
speed, the wind speed detector was placed at the side of the air flow 
and the nine sensors of the detector formed a 3 × 3 matrix in an 
area of 0.9 m × 0.9 m. 

3  Results and discussion 

3.1  Evaluation on wind attenuation from wind tunnel 
The wind speed at different distances to the outlet was 

measured by the sensors under several settings of initial wind speed.  
The sensors were situated at a distance ranging from 0 to 4.5 m 
from the wind tunnel at an interval of 0.5 m.  The wind speed at 
each spot was measured by the nine sensors and the average value 
was adopted.  This experiment was repeated 10 times and the 
average value was used to generate the wind speed shown in Figure 
7.  The results showed that, when the distance to the outlet of 
wind tunnel was 4.5 m, the wind speed decreased approximately 
1.74 m/s with an initial wind speed of 5.92 m/s and decreased 
approximately 1.12 m/s with an initial wind speed of 1.29 m/s.  
When the initial wind speed is 5.92 m/s, the speed decreased 
approximately 0.34 m/s as the distance to the outlet of the wind 
tunnel was within a range of 2.5 m to 4.5 m.  However, the speed 
decreased approximately 1.84 m/s when the distance was within a 
range of 0 to 2.5 m. 

The relationship between wind speed and distance to the outlet 
of the wind tunnel under different initial wind speeds was modeled.  
The wind speed W can be determined in a multiple regression 
model as follows: 

W = 0.48+0.82W0 – 0.40d              (4) 
where, d is the distance to the outlet of the wind tunnel, m; W0 is 
the initial wind speed, m/s; and RMSE = 0.29 m/s and R2 = 0.89.  
Figure 8 shows the regression surface of the wind speed to distance 
and initial wind speed.  

It was assumed that the droplets moved at the same speed and 
direction as the wind flow.  The theoretical drift distance D(t) at 
the constant initial wind speed of W0 varied with t and can be 
calculated as follows: 

D(t) = W0t                    (5) 

 
Figure 7  Wind speed at different distances to the wind tunnel 

under several initial wind speeds 
 

 
Figure 8  Regression surface of wind speed to distance and initial 

wind speed 
 

As shown in Figure 7, the wind speed decreased as the distance 
to the outlet of the wind tunnel increased, thus the actual drift 
distance was much less than the theoretical drift distance.  To 
calibrate the actual drift distance under a constant wind speed, the 
compensation distance dc was determined as follows: 

 
0

( ) ( )d
T

cd D T W t t= − ∫                (6) 

where, T is the time of droplet moving, s; and W(t) is derived from 
Equation (6).  To evaluate the effectiveness of the compensation 
distance dc, the spraying experiment was conducted under a 
spraying angle of 0° and a spraying pressure of 200 kPa.  Figure 9 
shows the theoretical drift distance, actual drift distance and the 
corrected drift distance, where the actual drift distance was 
measured during the spraying experiment, the theoretical drift 
distance was calculated using Equation (5), and the corrected drift 
distance was calibrated by the addition of the actual drift distance 
and the compensation distance dc. 

Figure 9 shows that the theoretical drift distance increased 
linearly as the wind speed increased.  The actual value of spray 
drift was less than the theoretical value and the error was 0.69 m.  
Using the compensation distance dc, the error between the 
correction value and theoretical value decreased to 0.41 m.  In 
particular, it was more obvious that the error between the 
correction value and theoretical value was 0.5 m on average at 
wind speeds less than 3 m/s.  However, the error increased 
considerably as the wind speed increased to greater than 3 m/s, 
which may be due to the fact that the assumption of Equation (5) 
does not hold when the wind speed exceeds 3 m/s, i.e., the droplets 
move at a different speed compared to the wind flow. 
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Figure 9  Corrected results of drift distance 

 

3.2  Evaluation of the spraying atomization rate with respect to 
spraying pressure 

Droplet size is an important factor influencing spray drift, 
which can be controlled by spraying pressure[27-29].  In particular, 
droplets smaller than 150 μm are more susceptible to drift[30].  Let 
the spraying atomization rate (SAR) be the percentage 
accumulation of droplets with a size smaller than 150 μm, 
expressed as follows: 
 

150 mi

i i
d

SAR V V
≤
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μ

              (7) 

where, di is the droplet size, μm; and Vi is the total volume of 
droplets with a size from (di–1, di].  The volume of droplets was 
measured using a laser particle size analyzer. 

To calculate a series of proper spraying pressure values for the 
fuzzy algorithm of the spraying system, the relationship between 
SAR and spraying pressure p was modeled in a logarithmic-fitting 
fashion as follows: 

SAR = –29.55+14.88ln(p – 29.08), 100 ≤ p ≤ 500 kPa    (8) 

where, R2
 = 0.94, and RMSE = 1.39%.  Figure 10 shows the 

relationship of SAR and spraying pressure. 

 
Figure 10  Relationship of SAR and spraying pressure 

 

As shown in Figure 10, when the spraying pressure changed 
from 100 kPa to 500 kPa the SAR increased from 24% to 62%.  In 
particular, the SAR changed rapidly from 24% to 45% as the 
pressure increased from 100 kPa to 200 kPa, likely due to the 
atomization performance of the nozzle.  The SAR changed slowly 
from 45% to 62% as the pressure increased from 200 kPa to    
500 kPa, probably due to the different initial speeds of the droplets 
sprayed from the nozzle under different spraying pressures.  The 
SAR was equally divided into five intervals in a range from 24% to 
62%.  As a consequence, the five spraying pressure fuzzy subsets 
were calculated as 100 kPa, 143 kPa, 212 kPa, 322 kPa, and    
500 kPa, according to the inverse function of Equation (8). 
3.3  Effect of fuzzy algorithm on spray drift reduction 

To determine the fuzzy table of the spraying angle and 
spraying pressure for the fuzzy algorithm, the relationship between 
drift distance and spraying angle as well as that between drift 
distance and spraying pressure was studied, respectively.  Table 2 
shows the drift distance in different settings of spraying angle from 
0° to 90°, spraying pressure from 100 kPa to 500 kPa, and initial 
wind speed from 0 to 5.92 m/s. 

 

Table 2  Drift distance in different settings of spraying angle, spraying pressure and initial wind speed 

Spraying angle/(°) Spraying pressure/kPa 
Drift distance/m 

0.00 m/s 1.50 m/s 3.00 m/s 4.50 m/s 6.00 m/s 

0 

100 0.02±0.23 0.89±0.22 2.51±0.49 2.82±0.79 3.71±0.94 
143 0.10±0.24 1.00±0.30 2.59±0.67 2.92±0.75 3.99±1.10 
212 0.16±0.27 1.12±0.48 2.68±0.80 3.00±0.81 4.20±1.45 
322 0.12±0.29 1.19±0.52 2.81±1.09 3.12±1.09 4.46±1.74 
500 0.13±0.31 1.31±0.57 2.90±1.29 3.42±1.18 4.53±2.10 

30 

100 -* 0.21±0.21 1.61±0.69 2.24±0.79 3.18±1.04 
143 - 0.29±0.28 1.75±0.91 2.42±0.90 3.34±1.35 
212 - 0.40±0.31 1.92±1.12 2.51±1.12 3.46±1.54 
322 - 0.52±0.45 2.10±1.30 2.62±1.27 3.63±1.73 
500 - 0.60±0.67 2.22±1.53 2.74±1.32 3.76±2.02 

45 

100 - - 1.25±0.70 1.81±1.05 2.38±1.32 
143 - - 1.38±0.82 1.95±1.39 2.57±1.58 
212 - - 1.46±0.99 2.01±1.57 2.63±1.71 
322 - - 1.51±1.21 2.12±1.71 2.88±1.84 
500 - 0.14±0.87 1.58±1.46 2.22±1.94 3.07±2.19 

60 

100 - - - 1.47±1.59 1.93±1.44 
143 - - - 1.52±1.84 2.01±1.61 
212 - - 0.41±0.75 1.60±2.00 2.27±1.79 
322 - - 0.52±0.91 1.72±2.30 2.33±1.93 
500 - - 0.69±1.09 1.92±2.09 2.57±2.24 

90 

100 - - - 1.02±1.35 1.23±1.03 
143 - - - 1.10±1.54 1.33±1.34 
212 - - - 1.26±1.52 1.48±1.52 
322 - - - 1.20±1.79 1.73±1.84 
500 - - 0.10±0.95 1.49±2.07 1.93±2.25 

Note: “-” represents data values is close to zero. 
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As shown in Table 2, the drift distance increased when the 
wind speed increased from 0 to 5.92 m/s.  With a fixed value of 
spraying pressure and initial wind speed, e.g., in the case of    
100 kPa and 4.5 m/s, respectively, the drift distance decreased from 
2.82 m to 1.02 m when the spraying angle increased from 0° to 90°.  
When the spraying angle and initial wind speed were set to 0° and 
4.5 m/s, respectively, the drift distance was positively correlated to 
the spraying pressure.  Because the changing rate of wind speed 
would influence the depositional position of the droplets during the 
spraying process, a proper spraying pressure should be adjusted in 
terms of wind speed to guarantee a small drift distance.  Table 3 
lists the control parameters according to different settings of the 
changing rate of initial wind speed. 

 

Table 3  Fuzzy decision table of spraying angle and pressure  

Changing rate of 
wind speed 

Wind speed 

L S M B XB 

NB 0/100* 0/143 0/500 15/322 60/143 

NM 0/143 0/212 30/500 30/322 60/143 

NS 0/212 0/500 30/322 45/212 60/143 

ZO 0/500 30/322 45/212 60/143 90/100 

PS 0/322 45/212 60/143 90/100 90/100 

PM 15/212 60/143 75/100 90/100 - 

PB 30/143 60/100 90/100 - - 

Note: The number 0/100 means that the spraying angle is 0° and the pressure is 
100 kPa, respectively. 
 

The proposed system was mounted on the UAV described in 
Section 2.1 and tested in the wind tunnel.  Figure 11 shows the 
results of spray drift compensation, which shows that the drift 
distance decreased by 33.7% compared with the system without 
incorporating the proposed procedure. 

As shown in Figure 11, better compensation results could be 
found within the initial wind speed range of from 0 to 2.5 m/s, 
indicating that the drift distance was less than 0.5 m with an error 
less than 0.3 m.  However, when the initial wind speed was in the 
interval between 2.5-5.92 m/s, the drift distance changed from   
0.6 m to 1.2 m and the corresponding error increased from 0.3 m to 
1.4 m, which was probably caused by the different droplet sizes. 

 
Figure 11  Drift distance of the proposed system with fuzzy 

algorithm and without fuzzy algorithm 

4  Conclusions 

To reduce spray drift, an effective method of adjusting the 
spraying angle and spraying pressure for a plant-protection UAV 
was investigated in this study.  The main conclusions are as 

follows:  
(1) The wind speed attenuation of the wind tunnel was first 

studied and modeled using a multiple linear regression method.  
The R2 was 0.89, and the RMSE was 0.29 m/s; these results 
indicate that the model can fit the experimental data perfectly well.  
Using the compensation model of wind attenuation, the drift 
distance can be calibrated to a theoretical value with an error of 
0.41 m, compared with that without calibration with an error of 
0.69 m. 

(2) The relationship between SAR and the spraying pressure 
was established using a non-linear regression model.  The R2 was 
0.94, and the RMSE was 1.78%.  Then, by equaling the range of 
SAR according to the regression model, the fuzzy set of spraying 
pressure was divided into 5 elements, i.e., 100 kPa, 143 kPa,   
212 kPa, 322 kPa, and 500 kPa. 

(3) The working wind speed at different settings of spraying 
pressure and spraying angle was measured to determine the 
decision table using a fuzzy algorithm.  The experimental result 
showed that the drift distance decreased by 33.7% compared with 
the spraying procedure without the compensation introduced by the 
proposed method. 
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