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1.1 EHLEH

K HXTEEBE AL ES NS5 1 fos, FEHATE
JREL. AEK PR FH RS (Global Navigation Satellite
System, GNSS) . JREIEHI RS E MR €M R
LB EL . ML A . Bkl X EEmE i H R gt WY
SRR HLES NG ZH R 1 Fios.

LATEERSA 2 ARPESHAS 3JRMZHARS 4e8mR% SEhr
REL 6HBIHEL 70 LR SBHE  OXHEmTIEIESRI RS 10k
1.Walking chassis 2. Global Navigation Satellite System 3.Chassis control
system  4.Directional antenna  5.Positioning antenna  6.Electric cylinder
7.Displacement sensor  8.Suspension  9.Target spraying control system

10.Nozzle
B 1 ARk LB AL E A
Fig.1 Structure diagram of target spraying robot
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Table 1  Structural parameters of target spraying robot
2 ¥ Parameter {H Value
A Kex B x 5
Overall dimensioil\g;nﬁgtjh‘x;fgthﬁle'i;h)t)/(mm><mm><mm) 4200%2350x2400
TAE & Working voltage/V 60
Hi i %5 i Battery capacity/Ah 300
YENLIEJE Working velocity/(m-s™) 0~2.5
1Mk = ¥ Working height/mm 60~1100
%3k #H 25 Nozzle distance/mm 150
1.2 TiERIE
WSk B A) oA e S S AR b, I R Bl I ) e

KB EAEIES), LWk R, DU 2 K H R
HEL 75 oR P24, TR SR B AR T O 0 B B TXT SCAR
TERAEAEENAF R R, B HAE A SR i3 6] R 40 TF R
8. Hlas AR GNSS (B1°5: DOVE482; 1%%: 10 mm)
Gl SN RS, it GNSS S SREUHLES A AL AR
5iimf, JEREREIEE R, Ewk 58
NG R FR, S FRHTALES NAT ZE I 78 S5 Sk AL A
Xof L I e 42 i) 2R 0K AR AT ) 1) 25 W Sk Al AR 5 Ak T B A A
FRIEAT LT HAE o d2 il ms Sk IF P AR B, F e X BB i it
1Nk

2 WKL ERET
PLes AATEIFES, GNSS it N CORS-RTK 3k

Bl as NHERA AL B . 7R3 BIEARID AT O 0 B 2 At
BEAT LA N AR SR AL BT o Wk bl SR AT i B

e, BAHEERGHEINME, BT AT SR,
AR ZE . EATKEMZE . B . 8
TR B ZE S T R T AT R ZE MEAT AR 3l RS TR
EATTRAL AL 22 S R AR LT R 22, BRI LT
TR ZEANAR AT % 22 K 7 92 ol 0 8 5 3R 22 7 B v 0] 4 I i
W RERSCEEP . A SO HLAS N2 32 F A b — B R
W EAEAR A AT BLas AL B, kAR bRfr
BOREE, LT S A E MWL B TR, AT
M Sk B AR Z T
2.1 BEKMIRR S SAALIRRAXEK

Wk 2 fioR, @bl GNSS @A KA H O IIHLEE
NFHAEIRR O,X,Y,Z,, GNSS % i (A8 brAE B B LAS
N AR R L O, AR, W BN NS H AR R
HeT7 SRR R E, RIS REN LS AL R
AT SEARYR K7 B At R e — 1k

WK E ST E AR IR B SR b, MOANIPEES:, "]
MR 5 R L R R AR O (L B BEAT 55 Sk 2% ) AR SR e o
LA N RS BRI R T AL, PR T iR 22 A
A, PIEHEAT BAMNBESLIR ZE T, AR KRR
WAL BTG RE . Wik A BN B R 2 Fos.

Wy

e H OWENMELRIBE N hol, F A H MRS R, A4 MO KHE
BRI A, B A MREOE K ESORM 2, C vl ek R BTG A,

D Fyh (AWK T 55 1, E e Mk O ITHHBUY 15, G e LR EH
TR A, T NN O, K NS AME A, L
yrp Sk e 2k 5 K RaEL AT 51, MO GF 5 CE WIZE s, 0pX,Y,Z, 4
WEKLAAR R, OuXoYoZo NHEAIRR, OX,Y,Z, WIAIFR, 0XYZ A
HERBIVEARR R, OXYZ NWRMAAR R, A HKEIRE, mm: 1 HEER
%, mm; k NFEERE, mm; o NEIESE Z, MR ZE, (°): ¢ NS
XOHHERAREE, (O): CREEESS Y, BIVERERE, ().

Note: H is the bottom turning center of the electric cylinder, F' is the ground
projection point of H, A is the left laser level observation point, B is the right
laser level observation point, C is the ground projection point of the most right
nozzle R, D is the ground projection point of the middle nozzle, E is the ground
projection point of the most left nozzle O, G is the ground projection point of the
positioning antenna, / is the center of the suspension connection rotation of the
electric cylinder, K is the middle point of the left and right axle pins. L is the
intersection of axis of middle nozzle and vertical line of K point, M is the
intersection of GF and CE, O,X,Y,Z, is the nozzle coordinate system, O.X,Y.Z,
is the suspension coordinate system, O,X,Y,Z, is the navigation coordinate
system, O;X;Y;Z; is the earth inertial coordinate system, O,X;Y,Z, is the geodetic
coordinate system. A For length error, mm; : For height error, mm; x For width
error, mm; J Rotation error around Z, axis for suspension,(®); ¢ Rotation error
around X, axis for suspension,(°); { Rotation error around Y, axis for
suspension,(*).

B2 skkEeErEH

Fig.2 Diagram of nozzle space position
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J7 (Gaussian Process Regression, GPR) [] ILIH-H#{E2 %
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MM EERENE 5 K. ILIRTG 425 HREARRE, EHX
355 HEAEANZGEE, 70 HEHE RINRE, DI R
7% (Root Mean Squared Error, RMSE) . “FHJ4i%fi%%E
(Mean Absolute Error, MAE) . il i% & (Forecast Speed,
FS) Riddu+ets, MH A3 EIE% ST ERIIZ, IF
HEAT AN A Z BB $ (Kernel Function, KF) &7 B A
PEREXT EE o

AR, TR Sk 3T TE BB, AR,
FH () VF bsk F2 A 0 /88 2% o o SR NI A bR B0 45 1)
5+ " ( Nonisotropic Matern, NM) . £ [q 55 ¥ 3/2
( Nonisotropic Matern 3/2, NM 3/2) . %1 =& 5/2
(Nonisotropic Matern 5/2, NM 5/2) . &It —kHH
(Nonisotropic Matern Rational Quadratic, NMRQ) . %A
S MEF 74820 (Nonisotropic Matern Squared Exponential,
NMSE) , {34 Rk 2 fos.

HEE 2 AT, kAP R0 O, B 52 5 D E’J
LRI ¥, ) f N T AR IR ZE N 4.305 mm,
I, mERAREA ¥ 1A% iR 0% ) NMRQ. ”ﬁ%ﬁéﬁ%
il O, BIEHARFR R0 O, R R R EAR AL ¥, ) f/)s
PR LT IR N 2.246 mm, K, FEESEIEEA ¥, 1)
ek Al NMSE, A RS AT B0 IE, Siit
FIMELA R N B A B TR ZE, B E
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Table 2 Comparison of suspension position resolving models
with different kernel functions

pI— —
o EEE TRRE S ppsninse ms
il Root Mean F +
Model Kerqel Squared Error Mean Absolute ore?is ;
function RMSE/mm Error MAE/mm  speed/(#X's™)
N . NMR 6.172 4305 5900
B Q
Y, NMSE 6.172 4398 5900
Height ~ NM 5/2 6.317 4398 5900
Tegression N\ 3/2 6.428 4.664 5800
model ¥,
NM 6.836 4.995 5300
o . NMR 2.989 2.289 5700
A R
' NMSE 2.938 2.246 6200
Distance ~ NM 5/2 3.062 2.258 6 000
TEGIessIon — \vp 32 3.290 2.395 6 400
model ¥,
NM 4.566 2.821 5900
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A0 O, MEE (RIEHEEE) W FEREN AN 43
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130
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k=) 15 g
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a. Suspension height assessment results
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b. Suspension distance evaluation results
B3 B#EEMALERA

Fig.3 Diagram of suspension position resolving results
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FeFEAT P RISk A B 1 Ak, k=1 AR EE T v [
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£ F NMSE 1o B B BE 3 [ AR, o il
GNSS U BIHLEs AW A, (° ) N, ik
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Y, NMRQ J3E T NMRQ #% bF 1) 22 4 i B[] )= A5 7Y
NN kAL UTM #3524k mfE, mm; E NS k
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Fig.4 Diagram of error transmission relationship
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Fig.5 Coupling error calibration test

R3 RENERBER

Table 3 Error component solution results

i H Items o(°) e(°) () AMmm x/mm /mm
I K{H Maximum value 0.8 L7 08 5 34 13
£/IME Minimum value 0.2 0.4 0.2 2 20 9
“FH41H Average value 0.5 1.0 0.3 4 27 11
Fr#EZ Standard deviation  0.22 0.48 0.08 0.11 0.52 0.13
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BE R 0.5« 1.0° F03° , Hrpge X, ekt iRz
oy Ry PR EARZEFIME S Ay 4. 27 A1 11 mm,
Hois X, KPR B K.
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Table 4 Performance comparison of different error correction methods mm
K RAEE BT R 0L 5 R i WL I T
Cylinder length Uncorrected Mean correction Interpolation correction Curve fitting correction Neural network correction
HI WiskC  WEKE  WEkC WEkE WpkC WEkE WEkC WEKE Wk C WELE

317.2 23.6 23.6 1.8 0.6 5.0 3.7 4.0 39 0.4 1.8

345.8 244 244 1.3 0.4 33 2.6 3.5 3.7 0.7 0.7

3712 21.1 21.1 0.4 0.1 9.0 8.5 3.0 2.5 1.3 0.6

390.2 19.8 19.6 0.6 0.5 3.6 34 5.8 5.6 4.1 1.1

404.6 239 239 1.3 1.3 7.7 5.5 5.7 39 43 1.6

413.7 27.1 26.9 0.6 0.5 1.3 1.0 1.4 1.5 0.1 0.2

430.2 30.5 30.3 4.1 4.1 2.0 2.1 0.8 0.8 0.4 0.3

440.6 333 33.1 8.6 8.5 0.4 0.4 32 3.0 0.2 0.2

455.8 333 33.1 12.5 11.4 0.4 0.4 2.7 2.7 0.7 0.7

460.2 33.1 329 21.5 20.3 8.0 8.0 32 3.0 0.4 0.4
SFIRZE Average error 27.0 26.9 5.3 4.8 4.1 3.6 33 3.1 1.3 0.8
PR % Standard deviation 52 5.1 7.0 6.7 3.2 29 L6 13 L6 0.6

HEARELE Number of extreme targets/ 8 600 3700 430 710 /
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R 14D i A L R i 2 400 AR I 1 AR PR BE AR A 2 o
430 F1 710 Ay, TEA:FLE BEROR Xk, M5 Sk DA S PR
MWL, ASEE RO R AR R .
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Fig.6 Nozzle accuracy verification test
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Fig.7 Simulation test on target spraying
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Table 5 Statistical table for target spraying

e R SIFEER HEER T HER A 7 R
No Test Lead Average Coefficient of variation
* treatment  distance/cm accuracy/% of accuracy

1 0 63.9 0.077

2 RIETT 15 72.6 0.067

3 30 76.1 0.036

4 0 95.8 0.028

5 RIEJA 15 97.6 0.022

6 30 99.6 0.006

REFR 5 AR, AT R PR o R IR 7E 0.
15 F1130 em $EFR 5] S FE B3R Rt BRI XA 2R 43 i N
95.8%- 97.6%-~ 99.6%, -5 1EFT HIERG AR E 2y 336
31.9.25.0.23.5 ANA 4 A, AL R A5 IR 0.049.0.045
0.030, M5k B ARMT AL AL IE J5 %o B i v ff 2 B
BT, REfaEtgm. Kb, PSSR 0 Rk
ZHCT R A R K. B 5 SRR S, R
VRS E 78 o AR b, KSR R R ST, S S Pl
SRR AT, EE S 78 o AR, e Sk Mt 1)
ZiE S T B2 AE AR, G RATIR Y

4 Mgt

4.1 RIEEMG

FH 5] %o SR i 4 536 T 2021 4E 6 A 16 HAEM /K
ERFEAR AT, W36 H AL 126.92° E, 45.77° N, b
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AA 2021 42 5 H 12 H, iRl 84.8 mx28.5 m,
VRNV T KA K B3 3~5 i, #k & 350~540 mm,
SFIIATER 650 mm, “PHIFEER 320 mm. [ ] AR R R
3~10 A, ZRBE28RF 3~126 M/m®, 2L BRI AME R B
£ 55.0~2322 mm. R KL=, ARFEERE
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FRALPETE NHLSRER ) 24 % B a4 B, 2R Ak T7
P S AT BRI fti 7 ) 2R 4 JE b AT RS, 40 8 B

B8 W atfert e g
Fig.8 Field test of target spraying
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a. Normal to target spraying
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Fig.9 Water sensitive paper fog drop coloring situation

b.
b. Underspray or omission

* 6 MBS R
Table 6 Table of the results of field to target spraying

g BBRE SISHER AERRTSE HER A5 AL
Test Lead Average Coefficient of variation
treatment  distance/cm accuracy/% of accuracy
1 0 58.9 0.128
2 KL 15 66.7 0.109
3 30 733 0.060
4 0 94.4 0.010
5 RIEE 15 96.7 0.017
6 30 99.4 0.010

AYMTEE 6 BT A, REIE G o B a) 5o SRR 3 7E 04 15
A1 30 om #EER G| 5 FE BT IR IR) X B AE A 2 0 S
94.4%- 96.7%- 99.4%, X} LMLt HE R 1948 5 R A
0.010. 0.017. 0.010, S5 IETHIHERH 2 AH L2 533
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0.092. 0.050,
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KM RIS HERE R B 144 0.9, 02 DNE S, &
S ZH WK 0.018. 0.005. 0.004. 5 BT F 57
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TR AR T AT Ji 1T 82 37 b i 06 v A 2 340 o T P R v
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M, FTRES PR B A

T 7 550 W it 1) o B v R R O 100%, 5 B 4515
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Sk TSR A% SR Ko B g it £ M
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0.017+ 0.010, 3l &2 THI FAELAR /A 7K S R0 S e 245 A %
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Nozzle positions resolving and calibration for the field target spraying robots

Li Hailong®, Quan Longzhe'*, Zhu Chengliang?, Han Kai', Wang Weiwei*, Xiong Yongsen®, Liang Yonggang®,

Qin Guangquan®

(1. College of Engineering, Northeastern Agricultural University, Harbin 150030, China; 2. Anhui Provincial Agricultural Machinery
Testing and Certification Station, Hefei 230031, China; 3. College of Engineering, Anhui Agricultural University, Hefei 230036, China;
4. Key Laboratory of Crop Harvesting Equipment Technology of Zhejiang Province, Jinhua 321017, China; 5. College of Electrical and Information
Technology, Northeastern Agricultural University, Harbin 150030, China; 6. Hefei Duojia Agricultural Technology Co., Ltd., Hefei 230036, China)

Abstract: Target spraying can improve the utilization rate of the liquid for less environmental pollution, compared with
traditional spraying. There are technical requirements for stable and reliable recognition, as well as accurate nozzle position
solving in the spraying system. This research aims to develop and evaluate the accurate position-solving and error correction of
nozzles for targeted spraying using a pre-designed field robot. The high accuracy of target spraying was achieved by plant
protection machinery in unstructured field environments. The field robot of target spraying was mainly composed of
electromagnetic nozzle, suspension, walking chassis, walking and, target spraying control system, as well as the global
navigation satellite system. An Unmanned Aerial Vehicle (UAV) was used to collect the field information for the prescription
map with the target spraying operation task. Specifically, the memory card was inserted with the prescription map information
into the main board of the target spraying control system, and then to guide the robot for the target spraying. The robot was
combined with the positioning and orientation data to solve the coordinates of each nozzle in real time during operation.
Among them, the structural parameters of the robot were compared with the prescription diagram, in order to control the
movement of the nozzle for target spraying. As such, the on-target spraying operation was implemented during the robot
walking in a complex field. The position of the spray nozzles was solved to consider the errors originated from the production,
installation, and movement of the components. The cumulative effect of error transmission between moving part was evaluated
for each part of the error, compared with the robot kinematics. Among them, the end-to-end coupling error was transformed
and described uniformly, and then decomposed and quantified at the end of the error transfer. The final coupling error was
equivalently decomposed into the decomposition errors in six directions, including translation errors in three directions, and
rotation errors around three axes. The error values were derived within the range of suspension motion under a combination of
field measurements and theoretical calculations using Gaussian machine learning. The auto-regression learner established the
correspondence between the length of the electric cylinder on the suspension and each error, thus enabling the prediction of the
errors and the correction of the nozzle error solution model. The mean correction on the nozzle position of the solution model
fully met the requirements of large field operations, compared with the commonly-used one. Finally, the corrected model of
the nozzle position solution was deployed to the edge end. Leveling ground and field trials were conducted to verify the model.
The results indicated that the accurate estimation of the robot's structural parameters was achieved using the Gaussian
regression modelling. The average deviations were 4.3 and 1.3 mm for the relative height and relative distance between the
nozzle and the positioning point, respectively. The mean plane error of the nozzle position solution was 8.5 mm. The longer
the response distance of the nozzle from the target center was, the higher the target spraying accuracy and the better
performance of the system were. The longer the response distance of the nozzle from the target center was, the higher the
target spraying accuracy and the better the stability of the system were. Furthermore, 94.4%, 96.7%, and 99.4% of the samples
were sprayed to the target with an accuracy <30 mm at 0, 15, and 30 cm target guidance distance, and the coefficients of
variation were 0.010, 0.017, and 0.010, respectively, when the field travel speed was 1 m/s. Higher accuracy was achieved in
the nozzle position solution and operational stability. The accurate calculation and correction of the nozzle position can be used
for the precise control of the ground robot end-effector in the air-ground cooperative robot system.

Keywords: robots; agricultural machinery; plant protection; target spraying; error compensation; position solving
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