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a. 8-rotors electric UAV
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b. 18-rotors electric UAV
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Fig.1 Multi-axis multi-rotor electric UAVs (unmanned aerial
vehicles) used in test
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Table 1 Parameters of tested UAVs (unmanned aerial vehicles)

Eiths) H & 5 RRABSERET Y =R E LHiT i 3 A e E I 3
Type Weight/kg Maximum load/kg Rotor diameter/cm Wheelbase/m Number of rotor Manufacturer
DF-2 5.0 3 37 L1 8 FERHTIT AR Ty £ el ML PR DA P 24 )
TXC8-3 54 3 37 1.2 8 T 95 AR DR A R )
WSZ-1805 14.1 5 43 24 18 2R DA R UAT B2 )

1.2 RIsaTikERsMENE RS

K HIVE ST I 9 16 X3 T 4 A% I s I 4 )
#Y:,
1.3 REAE
1.3.1 M#EGREE

AU Al B 32K A Ml 2 B0 A 31 1R 56 DA A A8 7K A
mFRPIPL 0293 AENLXATS, FiEE TR A =
SRR BTG P Bk o\ A4 AT KRR E S

(108°5021"E, 18°28724"N) , iR I /K FE IFE b T
UAREI, IR EZh 50 em.
1.3.2 RgpMHERELLNET SAETEGHE
ZRE AU 3 1) 2k XU VA
FH ) R AT XA S s Je el 2740 5. (wireless wind
speed sensor, WWSS) WIATE, W& 2 Frx. 10
AN WWSS 1 SRS S 1#~10#, P5P5IEFE 1 m
HE FKFEMREAT I mHES A —AT, 8 T R
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Note: The 1#~10# are the numbers of 10 wireless wind speed sensors
(WWSS); A and B are the end points of the preplanned flight line.
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Fig.2 Wind field measurement layout scheme
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Table 2 Experiment design for optimization of supplementary pollination operation parameters using round multi-axis multi-rotor
electric unmanned helicopter

RN B F K MM KT B3E FEAEL
Experiment name Experiment purposes Test models  Number of levels Number of factors Number of samples
L b DF-2 2 1 7
Ay 5 X LE R
KU 40 A 1 T
Wind field width of comparative . Y Wﬂ Z.Uj At L TXCS8-3 2 1 7
. wind distribution at Y direction
experiments WSZ-1805 3 3 18
3 HE 3 KT IEARS S PR RN I (R 5 TR 2
3 factors and 3 levels orthogonal ~ Explore the various factors on the degree of ~ WSZ-1805 3 3 18

experiment influence wind pollination

TE: MI~M8 A HLAF IR BR3P ATE 8 ML, Us Vo W AHLAA R
FARAR

Note: The M1-M8 are 8 motors symmetrically distributed along the plane of
the body, and U, ¥, W used for the body coordinate axes

B3 B2 4% R ERAN AT R
Fig.3 Round multi-axis multi-rotor UAV flight control
principle models
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JE RATH AN WL ST = AT LA
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DRI AL, AFRER R EAEH . R
I 510 K 3 K oKCT i LI AP I IE AR ok
ARG, A AT SR I 2 i 5 [
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IEASRE T, HEAELR X, Y. Z3ADT7I R
e (ET X S Y 1) X2 8 B GR F J e )+ 8 g it )
H B BB 3 AN EFR.

®3PRE A4 N WIS RETE, 41 K
KAWL B G e 141 kg 5 ATHEN = RS
(flight global position system, FGPS) Jii= 2.75 kg
21, A2 5 A3 R A1 SERE BB 1R 2 kg 1)
PRERLND o BKIZR B A1 C AESEBMRS N B oSG i (s T
FRYEFRVEA I FRMAE 0.5 m<<FHP = )& <3.5 m,
1 m/s<<PIINTH B <6 m/s) F il (HR 2RI o A
i GPS AT AL 2 EHR A ROz CREEI B
WD PPEIMEIRS . & B CRATEED 45 WLE
GPS KRR /KFEt =M. 3 ¢ CRATHED
7 CHLE A WWSS 7 SIS SRAE IR B A IR~ 41

%3 3EER3IKFREARSKE
Table 3 3 Factors and 3 levels of test

% 4 A% B H%C
IKF LG A R KATEE TRATHE
Takeoff \ei ht/k Flight altitude Flight
weightikg /m speed/(m's™)
1 16.85 1.40 1.30
2 17.85 2.40 3.10
3 18.85 3.20 4.80

1.4 BUEmMALIE

SR REAS KR 5 Bk A AR KT 1) A 3
W23 IR SCHR[1] J 28 78 10 T i B e 3 v 3l e A Bk
AT Bh R 1 FH RS ) 57, R 10#WWSS
T S (YR ) AR AR A B A T R I AL
TE N Jie A B A EW 2 5 TE A 3
1#-9#WWSS 15 s AL

H T 9D B SR A e b A S 5 AR K 1
TH, ARAEFTRAE R B AT 520, T R 2
BHGRAT T W N R

FFEAREAR P RE 1 PN 1 ML, R
P bA5 3 AMEEKES, 10 A~ WWSS 114, 3t 30 F11%L
Wi FRREARL TR BT R N — A RAE R 2, R
£E 100 N2 XGEAE, 4£ 100 /75 . i T KAf
MRS LR I ) i N T EAFE— iR 2, KU ik

{E VT REBEA BRAE s B T AN TP s 26 £ s
ORISR TP AR /R 5 B EAR , O XA A S
(P34 S R PEREAT 0T LUK 4 o f), BpAME
A XN Yy Z3 A7 ) DICRAERS ) SO R AR bR, 1T
PLE BILERFETT IR TG 55 2.25s (5 45 NREEAD &
2.75s (BB 5SS ASKAE D 2T 3 ANJ7 1R
THUEAE, PEUZUCRFE SR 5 7 3 1) R e K AH s
(AL Z R ], B 0 (56 48 /NRAF D
AL E B KMH 5.8 m/s (5 52 KRR XK
FERANECH 5, RAERTE K 200 ms, FRFEANKAT
KGR, MRZIRFEAR LA 3K

= 6 y XA
Zs I\ X wind direcion
= - YR
3 IJ,\ \ Y wind direcion
73 NG — Y )
,’E ) :': -\\\‘ki wind direcion
B !
X i

(1) A
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SAEI )

Sampling time

e B PSRAEIEE A 50 ms
Note: Sampling interval is 50 ms
B4 AR BT

Fig.4 Effectiveness analysis of sample data
2 HRE5SH

2.1 BYEXIFEESHT
2.1.1 Rysi kiR

AL O 5 X3 P TS B AR e ok Ak
MBI SEHE (1oys) B2, 1 BUKHLL
55 WWSS A 88 BEAAL i o I s, W XTHE > 1m/s
(1) WWSS 5 i B 7 55 1 o6 B2 A K3 SE B X
DF-2. TXC8-33. WSZ-1805 3 Rl /L £ hh £ fig L
NETHHLE T LL 3 m/s IS . 2300 FAEAS
[) i P ) AT, SR I B8 (51 m/s) &
R 4 P,

R4 RBHEARER

Table 4 Results of width of wind field
) R 6 (> 1 m/s)
Wind field width of go direction/m
TRATRIEE( m) TRATFIBE(0.5 m)
Flight altitude Flight altitude

bRt LTI
Model Wheelbase/m

X Y Z X Y V4

DF-2 1.1 69 39 48 73 42 49
TXC8-33 1.2 72 41 43 82 44 6.3
WSZ-1805 2.4 76 58 52 85 69 6.5

e WATHEN 3 m/sy A8 AT R LR RHLBR B KRR 2 R s X
HPAT T AT I Y AR T AT Z T T g R
Note: Flight speed 3m/s, no load; Flight altitude is the height above the rice
canopy; X, parallel to the direction of flight; Y, perpendicular to the
direction of flight; Z, the direction perpendicular to the ground. The same
below.
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H X7 9 BE AR IR 365 259001, FIF MATLAB F2
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BREZERAN, LR E T AN . Bk, 7F
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Table 5 Wind field width variance value
P

P values

K2 B CRATRED

NG|

Wind direction

N2 D Cihif)

B factor (Flight altitude) D factor (Wheelbase)
v d)iier?ﬁon 0.1374(0.1) 0.3708(>0.1)
y di’;er?ﬁon 0.6204(>0.1) 0.0301(<0.05)
, diner?tion 0.1161(>0.1) 0.6361(>0.1)
A5y 5 10

0.2599(>0.1) 0.2603(>0.1)

All directions

2.1.2 kAT TREAE R B A LRSS 6 0 A L

TXC8-3 RATE LR Z e I N EFHHLH X Y
) A3 o At DLl S ik . MEIRATEH, X 1)
KGEH KT Y ), i H R e RO, X
T AT AT CATRS, HES) AT AR AT RE R AR
T SR S SR TG X ) A3 LA — AN X
ML, OARTE SHLIREY Y emfLEAR 2R, LR
TR MIZ L, F B h#Es) AT atarit
(e RS Y T X3 A 0 e 3 E N L

100

g £
E: 2
E =
(=3

@2 ES
> o
3 T
B B

1 2 3 4

1K 245 5 Sensor label
e B RBG R S0ms

Note: Sampling interval is 50ms
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A7 AT CEDAAL Y RO el T kBT
K CHUAL B F T 5 A R 22T, A oh
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KM, AR PR B YT A 18

2.2 EXRBAESHELER
2.2.1 EZRIEHER

WSZ-1805 HLALIEAT RIS &5 Kk 6 fior.
2.2.2 MENHL

X R B P ROR ) X RS Y ] WA X
Y [ A3 5 SE AT S 0 B, SRR T TR

X7, K FEZFRE LR T b R
U 4E L FIME Me2E R N k AE A IR B 25/
o M & AER/N AT AR e 25 D8 36 A K R
P R ER/NTT AR SE 5% DR 2 0 2 28, x
5 Y [ WA X ) 52 i PR 25 2 I HEP 4 CL 44 B,
Y I 37 5 PE R R 25 2 IHEIP RS C. 4. B
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AR
Wind speed/(m-s™)
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Fig.5 Distribution of wind field on direction X and ¥ of TXC8-3 round 8-rotors electric unmanned helicopter
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Table 6 Orthogonal test programs and test results

LR SR LAV ER
RIS L e 473 Test results " Synthetic score results
i LG s LR SR LR o
Test Takeoff weight/k Flight altitude /m | 1&ht speed PR YIRS Voltage o p
number. ghvke & /ms")  Peak wind speed/(m's")  Wind field width/m  drop/V’ Score
X Y V4
1 1 (16.85) 1 (1.40) 1 (130 480 420 7.70 6.8 1.60 8.34
2 1 (16.85) 2 (2.40) 2 (3.10) 340 460 470 3.8 1.60 5.63
3 1 (16.85) 3 (3.200 3 (4.80) 1.90 260 5.80 4.7 1.60 5.23
4 2 (17.85) 1 (1.40) 2 (3.10) 3.60 6.60 6.00 42 1.80 7.48
5 2 (17.85) 2 (2.40) 3 (4.80) 350 330 3.50 4.8 1.80 6.82
6 2 (17.85) 3 (3200 1 (130 460 670 8.40 6.2 1.80 9.67
7 3 (18.85) 1 (1.40) 3 (4.80) 1.60 510 5.20 5.8 2.20 9.37
8* 3 (18.85) 2 (2.40) 1 (130 460 610 8.60 6.7 2.20 12.10%
9 3 (18.85) 3 (3200 2 (3.10) 1.80 350 290 5.6 2.20 8.57
TEe ¥ R IE, ADRLWERRE mis; * Gt o F R
Note: ; ¥ Wind field width, corresponding to the peak wind speed >1 m/s *, the test number, which has highest score.
xT WMEDER
Table 7 Result of range analysis
WA XU W% 5 S
Peak wind speed Wind field width
X Y Y
L5613 . AT 50 508
Kﬂ'zj\iﬂc kAT B ATk C ﬁﬁ.ﬂ'j) B kAT B AT C ﬁﬁﬂ‘jj 29 KATTEIE B AT C
JitE: A . Flight Jii A4 . Flight Jiite 4 - Flight
Flight Flight Flight
Takeoff altitude/m speed/ Takeoff altitude /m speed/ Takeoff altitude/m speed/
weight/kg (m's™) weight/kg (ms™) weight/kg (ms™)
K1 10.10 10.00 14.00 11.40 15.90 17.00 15.30 16.80 19.70
K2 11.70 11.50 8.80 16.60 14.00 14.70 15.20 15.30 13.60
K3 8.00 8.30 7.00 14.70 12.80 11.00 18.10 16.50 15.30
k1 3.37 333 4.67 3.80 5.30 5.67 5.10 5.60 6.57
k2 3.90 3.83 2.93 5.53 4.67 4.90 5.07 5.10 4.53
k3 2.67 2.77 233 4.90 4.27 3.67 6.03 5.50 5.10
7% Range R 1.23 1.07 233 1.73 1.03 2.00 0.97 0.50 2.03
B AR/KTF Optimum level A2 B2 C1 A2 Bl C1 A3 B1 C1
FWRIEZ Order CAB CAB CAB

FREE e AE /N AT DA 2 5 R R TR ALK &
AT 3 )W KR (PR AR KRS R CL, )
DA e AT IR BERAR K 1.30 mis CGEIIED
KATEER B AR 2 Ah Bl 1 AN A B2,
i AT R A 1.40 m CP &) 5 K
ML S T A KT Ky A2 (92 X TR AT Y Ji JRGEE
h A3 W Y MG TR, YHLE AU E R AL
ISPk 17.85 kg
2.2.3 ZAIRAFIRN

WA R, 3 N FEEERRAMAT
R AHIEL, 5k X A XGEXT Y. C1. 42,
B2. Y A XGEXS Y. C1. A2+ Bl Y X375 X
N Cl. A3+ Bl, M L& 3 MAKPH D
PEH ALK

2z iR s E NEFNE SRR, A
SHA R WA AE KGRI 58 (A ORI BE B, (RIS Ay
HISE AR, RO TEH AL IR, BRARAE

FRAS o Ry HE— 20 AR T 2 A 4 A P O A AR 1 1
VB, KRG TE R G A4 300 58
Yt [ BT WSZ-1805 HLAUENL 240t — it 47 53
Fritth . RHMIED 288 (O Fos, ihEZR
HVF PAEMZ Rk 8 Fik.

P=(X,xLx04+Y xLx04
+(1/Z)xLx0.2)x0.5
+ D, xLx0.5

e POREREVEME, i RIS, LK%
HU R, X0 D X A XGEAE, Y, Y (A V(i X
B, Zi A Z ARG (R 6 T, i
45>, D Y R TEREAE (>1m/s) o L& FIIg
B R 5 A3 2880 37 0 JSE KT 45 093 80 R AT A T £
Lk, PIEBCERLF BN 0.5; 10 X [[5 Y g
(B R B2 RCR R M K, BT A K7yl Bk
0.4, Z [ X FZ R, AR BICY 0.2,

(D
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Uk 202 e BB I AN U Bh BRIk Z 2 ik 7

RPEE 6 TILRETE 4R, SREHIBS T
X UEEAE R A 2R3 0 T B L v rL YRR 1 5
M, PLidk it WSZ-1805 LT AL B AEAE ML AK Ty
Cl. 43\ B2 CWMIREE5 4 8) , 4R Y K
96 BE DR 22 0 B 4 SRR — 2, B RAT )R
(1.30mv/s) , KHLE MR (18.85 kg) , KAT
EEE (240 m) .

3 4 it

AR SRR AS T e 3K = 1 3 Y 22 4 22 e 3G
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Optimization of operation parameters for supplementary pollination
in hybrid rice breeding using round multi-axis multi-rotor electric
unmanned helicopter

Li Jiyu'?, Zhou Zhiyan'?*, Hu Lian?, Zang Ying?, Xu Sai'?,

Liu Aimin®, Luo Xiwen'?, Zhang Tiemin'
(1. Key Laboratory of Key Technology on Agricultural Machine and Equipment, Ministry of Education, South China Agricultural
University, Guangzhou 510642, China; 2. College of Engineering, South China Agricultural University, Guangzhou 510642, China,
3. Hunan Longping Seed Industry Co. LTD, Changsha 410006, China)

Abstract: Compare with uniaxial single-rotor electric unmanned helicopter (USREUH), the structure of round
multi-axis multi-rotor electric unmanned helicopter (RMMEURH) is very different to USREUH, and thus its wind
field parameters on rice canopy which formed by rotor airflow are also different. To explore the optimization
parameters when the RMMEUH conducted supplementary pollination, in this study orthogonal tests of three
factors (including flight operating load, altitude and speed) and three levels were carried out to measure the wind
field. The tested RMMEUHSs include two 8-rotors electric unmanned helicopters and an 18-rotors electric
unmanned helicopter.The measured wind directions included parallel to the direction of flight heading (X),
perpendicular to the direction of flight heading (Y), and the vertical direction (Z). The battery's voltage drop was
also measured at each takeoff and landing of RMMEUH to estimate its economy. A wireless wind speed sensor
network measurement system (WWSSN) was used to measure the wind field parameters of the RMMEUH. The
WWSSN consists of several wireless wind speed sensors (WWSS, numbered 1#-10#), a flight global position
system (FGPS), and an intelligent control focus node (ICFN). The WWSS was used to measure the wind field
parameters on rice canopy. FGPS was used to measure the pose information of the RMMEUHs when they fly
over the rice canopy. ICFN was used to control and record the wind field parameters. 1#-9%# WWSSs were used to
measure the wind field parameters which mixed with natural wind and RMMEUH produced wind. And another
one, 10#, was set up far from 9#, was mainly used to measure the natural wind speed. In order to reduce the effect
from natural wind speed, treatment rules about natural wind speed were adopted before wind field data analysis.
The test results showed that: the width of the wind field at X direction was significantly wider than Y direction;
Unlike USREUH, there were only one peak wind speed center at X direction of RMMEUH, while two at ¥
direction, this phenomena might be caused by the superimposition of multiple rotors of RMMEUH, and the lateral
flow of the aircraft was also one of the interferences, as a result, narrowed the width of the wind field at Y
direction. Comprehensively considered about the width of wind field and battery electricity consumption, the
order of the three influence factors was flight speed, takeoff weight, and flight height. Flight speed of 1.30m/s,
takeoff weight of 18.85 kg, and flight height of 2.40 m were suggested as the optimization of the operation
parameters for supplementary pollination in hybrid rice breeding using RMMEUH. The results provide references
to develop a series of specifications of supplementary pollination in hybrid rice breeding using unmanned
helicopter.

Key words: unmanned aerial vehicles; measurements; experiments; round multi-axises multi-rotors; battery-powered,
range analysis; optimization of the operation parameters; orthogonal test
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