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a. HiF7R
a. Schematic diagram of structure

b. Physical picture

LA HIAR 2% J) M6 I8 3.0 Boas il B4 4.0 f A UK 3% 5 i B 2% 6. [l Ui L 91
W 7.2 4= 1) 8. 7 AR RS 9. HUIAI 100k 11 KRB 12,801

1. Control box 2. Pressure sensor 3. Segmented control valve group 4. Flow
sensor 5. Filter 6. Return proportional valve 7. Safety valve 8. Pressure sensor 9.
Solenoid valve 10. Nozzle 11. Diaphragm pump 12. Motor

B2 REeumE
Fig.2 Diagram of test bench structure

x1 AREGES52H

Table 1 Model and parameters of valve parts of experimental
system
4K Name #45 Model 24 Parameter
AR A% Frequency converter V8 . 22kW
A HL L Variable
! - I3,
frequency motor YVP-90 L-6 % 2.2 kW
PR %E Diaphragm pump  MB396/3.0 WE: 70~90 L-min”"
=197 L A5 1) HIE: 12V
Return proportional valve QILIF-16P e
Ha T 1] HE: 12V, FUEHR: 0.9 A;

DS115880-12

Solenoid valve TAEES: <0.7MPa

5% Nozzle TP8002 JE71: 0.2~0.4 MPa

JE 345 %3S Pressure sensor  AS-131 EE: 0~4MPa; F5EE: 0.5%

2 2~60L-min';

TR A Flow sensor  SK-DN25-Hz K 1%

045 R4 K Data acquisition

KFESIZE; >1kHz
card

USB7660AS/2

JER: CAN; ZifR¥5E: CodeSys

il %% Controller 37
v2.3
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M Sk B PR T ARG A AL R SR (BT L
W& [ — B ZIJE D RG R g E, 2R A
T 5 R R 2032 Oy A SR Y — R R AT 3R 5 4 )
J7ide, B R B EE R IR 1K) PWM 32 45 5 finh A B 21 % &
—E AR 2, DL S 22 A H R4 IR () IR S PR B 72 AR A
R @i, b BRSO R R RIZEE S, R EE S
FEUHEYE, BARJFEEGT:

WG R ) — A5 BT N T (360°), 454
RrBREN & LEES TT A 7] i il 1 428 45 5 i o s 21, IR A
MU PWM {5 5 IAIEE Je 7 25 b, DR A 52 e 5 Sk Vi &
(el @il 3 R, 8 PWM iR SHz, 25t DC
(duty cycle) N 30% i, 3 i PWM il 15 5 K CES I
1/6 F11/3 AN JE o 5 A 57 DK 50 R 38k 5 BT A H 10, R ()
BEBNAE, o BOR R B B AL, AT 28 il
PER R B . N FU RS AR A IK B 45 1) O VA AR AR
AR T W5 25 e J AR E RO, IR R AR 45 1 3 7
W, SEK HL IR A, AR R S ) A Y
N3 ~7 HZT e AR SR SRR PWM ST
N 5 Hzo

L[ Voltage/V
7 7% Duty cycle (DC)=30%
>

{551 Signal 1 I

1/6T JiWcycle T

N |

1/6T
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7/3 T
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173
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I} 1) Time/s

b. 1/3T
B3 eiEsh sl RETTHE
Fig.3 Schematic diagram of staggered-phase control principle

22 ARERITSEH

AR RGBT SRR WE 6 Wik, v TS
6 % PWM {5 S8 AHAL 3830, K 6 ikl 3 4,
4R, Hp 154 SmEoy—H, 2 585 S
SN, 3SR 6 WOl i C37 & A
3 B AR & 28 L — B PWM IS 5, Bl 3
A, FABCRE—3, BHBELEHIE S
AR ZAH A .

C37 ¥l 43 B & TP S By i 11, w4yt (G A
FIFH CoDeSys V2.3 # £ 4 ] TON (timer on-delay, i


http://www.tcsae.org

12 W

TKFEREE: HAHALIKE) PWM 28R % R 4115 5% 361

HEAEIS SE I 2%) IhREHL, SEELZ % PWM {55 I EE A AL
E P . TON Thagd R E LT IR, fF 4
M. EWEASH IN (F¥E%. BOOL) F1PT
CBEZREL: TIME), 4 53R il A A5 5 AT i ()4 ;
2% 0y (HHERM . BOOL) Al ET (HdEKM.
TIME), 433878 € I 58 BORAS A S B [A{E . BT
a8 PWM (55 4R TAERAR W 5 s, TERS
WG B G B i) 45 A BA 27 A7 4% PT LA PWM J& 3
TKEE, ERETHES BT 22T 1 ms B (AT 3835 11
o M ET HHUEIAR] PT BEE BER, fil & e i 25 H
T S PAT R IR SRR, R R G0K BT R ALIE E 5
EREAMRSES, FRAZ@EE RTINS,
HNT—FHEAY. EREfsTdgEs, g Xehdcs
B (N, Ny, M ETE[N, N,] I, Oy v e~
B DC=(N,-N)/PT) , HARBF B ARFFACHE . £ X2
RS S AIALIE I FE oK, REUR A e i 28 2 Wi 281,
IR 3 BS54 L BT (N, Ny) S50 SEUA AL
W%, [R]EF £E Bh e i 25 [ 20 553 D0 2L il A TR % e 1 )
A [R5
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ot
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B4 AEnieiish bl & B
Fig.4 Schematic diagram of staggered-phase control spray
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Fig.5 Workflow diagram of TON(time on-delay) functional
module
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Pt SEEmE Sk S pR A T, Wk RS A R ok

FROV, E H R T O A AE W S R, s BT S RS
I IR o b5 e o S LU AR AR — s ZEHET . AR R E
IR Teelet HLRE IR PWM A5 5155 55 (1 VL f R 1 il 26 .
FL G R AR B BN SHz, W55 K 7178 0.2MPa, IR FL
] 7 25 b 10%~ 100% 76 [l P B ms Sk 2 it o 3 AR,
F1 1000 mL SR Sk mt 1 1035 7K, R RILRmT %
WE] (29 60s), HLFFE CREEE 0.1 g) FR&E &M R
a, JEEAEEELRE (Lmin), SRR ER 3
WHCFIME, 433 PWM £ il Bl 1 7E AN [7) o 2 B R 1
FBTHER S S O R WA 6 FroR, Al ANImE Sk &
BE PWM 723 Lh3E g o, 78 5 23 b 10%~80% X [A],
Sk 5 S R IR R R LR T 80%
Jo BRI S B LT AN N, U B R R T L B R AN 2 DA
SERR M BNE. R ILIER] 4G TAE & 77 0.2MPa. PWM #%
HIATER SHz 15 LT 12 FUREG I (10 A 280008 1 o 2 Bl s o) [X )
9 10%~80%, TEMIX[AMRELS §RRWAR (1)
Fim, R=0.9801, A&

y=0.0059x+0.2165 R*=0.980 1 (D

»=0.005 9x+0.216 5
R*=0.980 1

Yt Flow/(L-min™")
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Fig.6 Relationship between nozzle flow and duty cycle
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N1 ERTE PWM 2 75 N W5 25 R 48 1 1 sl 5
W, BT R AR G R AR AL KB 7 B S RS 1K)
e VY R LA I T R, B R AR EE AR 40%, [
TSR ARAIE PWM A Bjs 55 22 A AR LB, i i AR 47 2% 1
TS RGN, BRI B A% AR R
WEYIUE TAEE 14 0.2 MPa (525 HL A 100% B 155 %5 &
7). bALHLIE I CAN @ IR 7] C37 4% il 3% K 1% PWM
FEHES, WE BRI S Hz, 522 Sk [34] Fms
KES T RRABEE R, HSTHREN 20%.
30%. 40%. 50%. 60%- 70%. (¥ R &+ K &M%
500 Hz, SREEWSTA] 45, SRARMEFT () A B /) 1% K15
SEH, EJTREESALEWE 7 FoR, KR 10 ARG IR
Bl Ny — AT T E uE B, Bl b as Rl 8 Fs.

MR SCHR [35], s JJ sl VE A 48 b ok T AT S &
TR0, RIE AT AL P,

N
Z(Pi_Pmean)2
0p = IZ]T (2)

Arb PONWEFFIE S REESE, MPa; P, NE S FHE,
MPa; N ARAE .
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Pp*]):Pmax_Pmin (3)
Xt P, NIE I8 KME, MPa: P, A& /ME,
MPa.
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1. No.1 W3k 2. B0HF 3. 508 RAE R 4. 0F B0 5. LA 6.C37 #2525 7. R
1. No.1 nozzle 2. Boom 3. Data acquisition card 4. Computer 5. Solenoid valve
6. C37 controller 7. Solenoid valve
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Fig.7 Diagram of pressure sampling point position in nozzle
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Fig.8 Pressure fluctuations in boom with different duty cycles
under same phase driving mode
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AR IE R E kK, IR % HL TPS002 i 1fE Fif FZ It s, [l
Wb AR 3.2 75 AL ZE R E N 30°, 60°. 90°.
120°. 150°; #1146 TAEE 71 E N 0.2 MPa, PWM $% il
RN 5 Hz, R USB7660AS/2 $ 4 K 4 F SZ N %
EEIE AT rp [R) A7 B 1 R AR R A B, AR SR S B
K7, REEIIRN 500 Hz, KAERTEH 45, B4R E
523 W
332 RKBLR554

& 77 SE I BHE 220 P B SRS AL B, Wl 9 FroR A4
AL ZE PWM BKEN T 50% 25 B 4644 R kT P 71
BAGESL. LR, WU 1 2 RIS, 5FEAHE
REUREN (FHALZE N 0°) AHEL, HMALIKED (AL E N
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Fig.9 Pressure data of PWM variable spray system driven by
different phase difference under 50% duty cycle
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Fig.10 Average pipeline pressure and peak-to-peak pressure

fluctuation under different duty cycle and phase difference
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JEJitesE, SHMEIA, BiERGE SR B, B
K11 TR, AHECRARA SRS, A8 A A7 DK 3 1 AT
JI0 AR 5 R Ak, BB AR AL 22 (38 0 AR S R BUE A
BERREEA, EARSTWEMET, MAZEN 1200 £
N5 2B I, R IR E .. AN 20%.
30%-. 40%-+ 50%. 60%- 70% B, 120540175 [FAH AL
IR LE, AR RIS 66.61%. 58.88%. 56.46%-
40.85%- 31.79%- 19.48%, & J7i shlil 2R &5 o IH i 5
d N 20%. 30% B AR S RECEAG IR I, TR R 2
o7 25 LU BT 5 AH 7 DK Bl ] DU 3 2% PWM {5 5 58 44
T, BAESNE, £ RN RIER—Z4HR
B—HBWRITRE, MRt SR s . WA G
Bm, 3 EES LESRIM AR, BAAS RAEAM IS
FHEC R 7778 55 R B8 IMESE BEIR AR /N . 25 X AR 53
FBUR BN AR AL 229 60°~90°, i BALE L IX 6] P9
AR R G TR BN, & A IR
bbif 5 i &, K0k, 24 PWM Bt 4l X 4 5 Hz,

Sk FELRE IR 70 0 3 AR LI, A AR AR 120040 07 22 3K N
PAORFFE B IS A8 0E , PRIEZALRCR -

7% e Duty cycle/%
—=— 20 30 40
50 —+— 60 —— 70

&R
Pressure fluctuation
amplitude/MPa

0 30 60 90 120 150
AHAV. % Phase difference/(°)
B 11 AR & Z AL R T8RN R T Z A
Fig.11 Coefficient of variation of pipeline pressure fluctuation
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Design and experiment of staggered-phase driven PWM variable spray
system
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(1. Intelligent Equipment Research Center, Beijing Academy of Agriculture and Forestry Sciences, Beijing 100097, China; 2. College of
Mechanical and Electronic Engineering, Northwest A & F University, Yangling 712100, China; 3. College of Agricultural Engineering,
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Abstract: In response to the pronounced pressure fluctuations in pipelines of pulse width modulation (PWM) variable-rate
spraying systems, which stem from the synchronous actuation of solenoid valves, this study introduces a staggered-phase
driving approach aimed at mitigating such fluctuations. Leveraging a C37 controller, a PWM variable-rate control system was
developed, enabling operation with varying phase differences. Subsequently, a dedicated experimental platform was designed
and constructed to comprehensively investigate the pressure fluctuation characteristics, atomization performance, and droplet
deposition behavior of the PWM variable-rate spraying system.Pressure fluctuation test results demonstrate that the staggered-
phase driving mode effectively reduces the peak-to-peak value and coefficient of variation (CV) of system pressure
fluctuations. Moreover, with the increase of duty cycle, the decreasing trend of pressure fluctuations gradually diminishes.
Notably, as the duty cycle increases, the rate of decrease in pressure fluctuations gradually diminishes. Specifically, at duty
cycles of 20% and 70%, the CV of pressure fluctuations under a 120° phase difference exhibits reductions of 66.61% and
19.48%, respectively, when compared to the same-phase driving condition. The phase difference range between 60° and 90°
demonstrates the least sensitivity to changes in the duty cycle, while a 120° phase difference consistently yields the lowest CV
values across different duty cycles.Comparative analysis further indicates that the statistical parameters of droplet size in the
staggered-phase driven system are marginally lower than those of the same-phase driven system. Additionally, the relative span
(RS) of droplets in the staggered-phase system is consistently smaller, with the most significant reduction of 5.56% observed at
a 50% duty cycle. Droplet deposition experiments highlight that the CV of droplet coverage in the staggered-phase driven
PWM spraying system is decreased by 31.75% relative to the in-phase driven system. This improvement underscores the
efficacy of the staggered-phase driving approach in enhancing the uniformity of liquid medicine deposition under low-
frequency control conditions.Collectively, these findings not only provide a theoretical foundation for the development and
application of PWM variable-rate spraying technology but also offer practical guidance for the optimization of precision
variable-rate pesticide application equipment.

Keywords: PWM; variable spray; pressure fluctuation; atomization characteristics; droplet size; droplet deposition
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