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1.Electric crawler chassis 2.Lifting implement 3.Centrifugal fan 4.Electric
pushrod 5.Nozzle 6.Airflow distributor 7.Electromagnetic valve 8.Spraying
bracket 9.Ranging sensor 10.Solution tank 11.Light detection and ranging
(LiDAR) 12.Range extender 13.Chemical pump
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Fig.1 Target following small spraying robot
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Table 1 Main parameters of target following small spraying robot
B ZH ik
Categories Parameters Remarks

A (RexBix )
Dimensions (LengthxWidthxHeight)/ 1 575x1 190x1 355
mmxmmxmm
SRR o
Overall mass’kg 450 S
T L
Operation speed/(km*h™")
BRI % 5
Maximum spraying swath/m
[aE=s=ibal 43
Auxiliary power/V
CER/ RIS
Electric motor/kW
K RUE 620
Maximum wind pressure/Pa

R R
Maximum wind volume/(m*>h™) 3000

Chemical ﬁ@@i/@mm“) 0-12
Ei)

Chemical pump pressure/MPa
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Target following small spraying robot
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Note: Areas 1 and 2 are the coverage area by the spraying from plant-protection
Unmanned Aerial Vehicle (UAV); Areas 3 and area 4 are that from target
following small spraying robot in this study.
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Fig.2 Schematic diagram of ground aviation collaborative
cooperative stereo plant protection pattern
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Fig.3 Hardware diagram of target detection and tracking system
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Fig.4 Operation flow chart of target following small spraying robot
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Note: O is the central point of LiDAR detection; OB is the vertical height of
target detection area, mm; 4B is the horizontal length of target detection area,
mm; D is the lowest point of target detection area; ¢ is the angle between the
horizontal line and any scanning line in target detection area, (°); 4 is the height
between the central point O of the LiDAR and the ground, mm; M is a target
point; a is the target elevation angle, (°). The same below.

K5 Ferrdfn KT &R
Fig.5 Schematic diagram of target detection area
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Note: O is the center of LIDAR detection(Origin of polar coordinate); P is the
point with the largest polar angle; Py is the point with the smallest polar angle.
M( 7 ,0y) is the target point, where 7 is the point average polar diameter of a
single frame point cloud, mm; Jy, is the point average polar angle of a single
frame point cloud, (°). The same below.
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Fig.6 Point cloud polar coordinate system in the middle and
lower section of canopy
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a. Minimum polar angle of target points
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Note: O is the rotation center of a nozzle group; N, represents the upper nozzle
of the right side of the group; N,» represents the lower nozzle of the right side of
the group; 470 means the distance between the LiDAR detection center and the
upper surface of the electric crawler chassis; 440 is the horizontal distance
between the rotation center of the spraying bracket and the LiDAR detection
center; H is the height of the rotation center of the spraying bracket from the
upper surface of the crawler chassis, mm; i, is the minimum value of the polar
angle of the target point M, (°); dmax is the maximum value of the polar angle of
the target point M, (°); omax is the maximum elevation of the spraying, (°). The

same below.
A7 FelLMADTEKRM
Fig.7 Solution of boundary values of polar angles of target point
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b. Maximum polar angle of target points
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Note: M, is the average target point; dotted lines represent the changing
trajectory of the average target point during operation; semicircle areas with
solid lines represent the spraying range.

B8 e h T TR
Fig.8 Schematic diagram of the changing trajectory of average
target point
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Note: 7, is the polar distance of the average target point M,, mm; Jy, is the
polar angle of the average target point M,, (°).

B9 rFAA B AR A R AR ALAT A
Fig.9 Coordinate system for the solution of target elevation angle
of the spraying mechanism

3 MAEERAZE

3.1 Fm=E
W% 55400 A R T I BAT MR SR LBl AR (SN
TGA-Y) , 1ZHBNHEAT /N2 PE 2508 205 mm, &K
1729 100 mm, F KA IE 24 60 mm/s, #7774 100 N,
LW F AL AT TR BT B E R D
B, HEFTERALIRE: 10 B, 2ATieE: 1 P8, gminas vl
6 ANk, T ZLAT BERE — P HERFATFE AR AL 9 mm. ]
SR TR I B R U ) 3 S R kb s S T <
THEE W L TR R KR Np,  HLEIT AR
FHEATATRE (1, mm) BRIERW (8) Fix:
1=0.15Np (8)
O TONHEATATRE, mms Np Jgm A S 45t 0 ok b 5 2

HEFFATFE B AR A0 T 27 Bl % 25 S 4k 5, AN g AR g
SLAL RN A, HRBHHEATATRE (=0 I, W53 S Ak T 1% B
B, WA TR TR E LA, BEEAMAA 0° (K 10a) ;
M HEFFATRE >0 B, MRS T P BIARLIR A, m
SLAAAF R BT F LRSS, BARMAA o (E10b) o H,
O MW ST BRI vhoty, O, 9 P BhAHREAT i 72 St 2225 or
B, O3 81 Oy 43 AT EAN N 0°F o i, HEhHEFESD
Ui AN E, KON 0L TE O, TP, Ky Fl Ky
I3 RN EAT A 0°F o I, O3 7E O, I % SZ 48 )5 1) 1
I .

RYEHEFTAT RS H A0 A2 o B EISREUSE 540 F
WA REE, wE 11 PR, AOK 0rv AOK,O5 72 Nilik
=M, 0,05 B REZE RS, B 0,0=
205 mm, y AMIESCHREKFLPIMA (), HE o B
NAA . WK PR F Ny, B E S A TG A B,
A K20, LK Oy o W% X455 O, M55 o R,
I AOLK,O3 BTN O 3% AOK, O34k . BB HEFT
K H 0,0, %K 0,05, BZEANAH 048N a.

FIH Aoz e A NIAIZ s, 1 S5 BImE A0 A
H5HEMFATREXRW (9 Frk:
(205+1)°

«a = arccos| 1.29— 2
206.64

}—72.26O D)

]

@) H-K

o
—
L
~
S
o b
; )

b. # FWE%
b. Oblique spraying
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1.Electromagnetic valve 2.Spraying bracket 3.Nozzle 4.Electric pushrod
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Note: O, is the installation position of the fixed end of the electric pushrod; O3
and O’ are the installation positions of the movable end of the electric pushrod
when the spraying elevation angles are 0° and o, respectively; K; is the
projection of O, on the horizontal plane where O is located; K, and K,' are the
projection of O3 on O; along the direction of the spraying bracket when the
spraying elevation angles are 0° and a, respectively. The same below.

B 10 wzpipitirses B AR A T EH
Fig.10 Schematic diagram of the variation of electric pushrod
stroke and target elevation angle

e SRR SO TRy NS SRS KPR IR, () .
Note: The arrows indicate the rotation direction of the spraying bracket; y is the
angle between the spraying bracket and the horizontal line, (°).
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Fig.11 Schematic diagram of target elevation adjustment
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Note: + represents positive feedback; — represents negative feedback; ey is the
error between the &y, target value and the actual value.

B 12 RT3 Kb bl in 09 % 517 A 1 AR
Fig.12 Control model of the spraying elevation based on
incremental Proportional Integral Derivative (PID)
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b. R R
b. Schematic diagram of
orchard testing

a. JL R0 3 R
a. Key equipment used in the
orchard testing
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Note: In Fig. 13b, solid line is the driving route of the spraying robot during the
test, while the dotted frames are randomly selected canopy samples.

B 13 RE¥e RN 5 EIZXE T R
Fig.13 Diagram of target point detection and tracking testing in
orchard
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77 1 WAHARAT (R [, 0 B A A Hi i S e 2 S = 4
PIFAAE BN NBRE RS (Robot Operating System,
ROS) ] rosbag SCAFH, WY AT HERR LR BEALIEHL 3 HRA
FRICARE 1. B 20 B 3. R BETE I FEAR R 508 E R
oL IR 3 R I 56l 2 AT 5 A H AR A A AL B
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EIanfE 14 s, 2 O s B0 BRI e s, SEgk
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AT EE 7 1) ZE R X 3k
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Target detection and tracking system for orchard spraying robots
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Abstract: Pesticide spray is a key session of management of fruit trees and air-assisted ground sprayers are commonly used in
orchards. However, conventional equipment may lead to concerning issues, such as excessive chemical use and serious drifts.
This study designed a target detecting and tracking system for an orchard spray robot, which was specifically developed for
spraying onto middle and lower parts of fruit trees in terms of the background of stereo plant protection. The robot had an
electric crawler chassis. A lifting implement and a spray bracket with nozzles were specifically designed. In terms of the
control system, the system consisted of four main units: including a LiDAR detection unit, a height adjustment unit, an angle
adjustment unit, and a control unit. For the LIDAR detection unit, RPLIDAR S1 was used to detect trees and measure the
distance between the robot and the trees. For the height adjustment unit, a lifting implement combined with ranging finders
was utilized to raise the height from the ground to the spray bracket, so that nozzles could reach the calculated height of target
points in real-time. For the angle adjustment unit, electric pushrods with encoders were exploited to change the angle of the
spray bracket, so that the nozzles could follow the calculated angle of target points. In terms of the control unit, STM32F429, a
microcontroller, was applied. Based on the structure, three steps were developed for operation. First, general characteristics of
fruit trees were analyzed based on the investigation in the orchards in Beijing, Shanxi, and Guangxi, and detection areas were
determined based on these characteristics. Then, LIDAR was used to acquire the point clouds of canopies of the trees, and the
polar distance and polar angle of target points were computed based on the maximum and minimum polar coordinate values of
points of the trees. At last, the target points were obtained by the division and filtering of the point clouds in the areas, and the
final distance and elevation angle of spraying were calculated based on these targets. Furthermore, the mathematical relations,
one, between the elevation angle of the targets and the pulse number of the encoder, the other, between that and the stroke of
pushrods, were established. Meanwhile, the measurement and control method of elevation angles of the spray bracket was
designed. Incremental Proportion Integral Differential (PID) was applied for the angle variation so that elevation tracking
could be achieved. To demonstrate the performance of the system, trials were conducted on the campus of China Agricultural
University to acquire the data of Begonia canopies. The route of the robot was ‘U’ shaped and three trees were randomly
selected for analysis. Results indicated that the system could adapt to different sizes and characteristics of canopies. Meanwhile,
the targets of the three trees were concentrated on the height from 2.0 m to 3.5 m, which illustrates that the range could meet
the requirement of spray onto middle and lower canopies of trees. Furthermore, the trials identified that the minimum spray
elevation angle was 47.8°, while the maximum spray elevation angle was 51.4°. The maximum adjustment time of spray
elevation angle between continuous targets was 0.06 s, which meant that the positioning of targets was fast. The system could
offer a solid theoretical basis of the target following spray and the study could give a technical reference on chemical reduction,
energy-saving, and drift decrease of plant protection in orchards.

Keywords: agricultural machinery; spraying; sensors; orchard; plant protection; LiDAR; target detection; elevation angle
tracking



