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WK 1 R, PRIRES T FR R B AR 3R Fh B AL TR (3) WA
Ze b, HEEN SRR A, PR BE 2 ke Ok Bl T 58 fH 7y S N cost O4(h —nsing
LT R A b FIREN. W BB AL B 0t IR TR 12 3 g = Q=ML cos” 0+ (), ~h)sin @

SO, AR B ER A 4 e r 7 P A 0 I AT~ 1 Al 5
M, #SHIEsIEN
F,L cos@=(m,+—=)gL cosO+ FL —
2 (D

2

(I, +m,*+1, +mSTLS)67
K F, NI PRIR S R EAEH 71, Ny Lo NBRIRE K
B, m; Fy NRIREOSBRIEER 71, Ny LA Fy TS
KB, m; I, NIRRT E, kgm’s I NIRIEE )
&, kg-mz; m,, NERIRE R &, kg, m, NIRIAE R =,
kg; O NPRIRE 5 ARSI A, (9); g NE JIINERE, m/s;
09 0 I ISy, (O)se

mS

- N

TH A
Furrow opener

PRV R
Limit block

WL
Limit shank
FRVRRS

Gauge wheel

R,

JESEH
Compacted
surface

T m BRI EE AR S AR, kgs Fiu B 20 5 TR BRIHE K
PR EAEM S, Ny LML, ms Fy SRR BOT BRI 1

1, N LA FyJTBERE, ms mys m AR RIS i, ke 0
NIRRE GRS, () g NEIIMESE, ms?; R, NIRREFE, m;

h PR T IR, ms H O9HEFMARE, mm.

Note: m is mass of the row unit (except the mass of gauge wheel and limit shank),
kg; F, and F,, respectively represents the horizontal resistance and vertical force
of ground to gauge wheel, N; L; is length of limit shank, m; F; is the force of
limit block to limit shank, N; L, is the length of F action point to hinge point, m;
m,, and my are mass of gauge wheel and limit shank respectively, kg; 6 is angle
between limit shank and unit frame, (°); g is the acceleration of gravity, m-s'z; R,
is radius of gauge wheel, m; / is the deformation of ground and gauge wheel, m;
H is the sowing depth, mm.

A1 IR

Fig.1 Force analysis of gauge wheel
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b. Section view

a. Front view
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M1, N; Faew Fy 2308 FECF R BT R0 B N

Note: Fy' represents the force of limit shank to limit block, F\=F;, N; F,
represents the force of depth-adjustment rocker to limit block, N; F3 represents
the force of axle pin to limit block, N; Fy4 represents the force of unit frame to
axle pin sensor, N; F3, and F3, respectively represent the horizontal and vertical
component of F3, N.

B2 S REZ AN

Fig.2 Force analysis of axle pin sensor
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FL-F,L cosf=0 (6)
Ha (5 . (6) 17
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Note: When the sowing depth is increased, the circle center of the gauge wheel
changes from O; to O,, and the contact point between the limit block and the
limit shank changes from point £ to point C, and the length of F; force arm L,
also changes. R is swing radius of limit block, m; 7 is the length of the contact
point to axis of limit shank, m; L is the length between pin sensor center D and
hinge point O, m; a is angle between L and horizontal plane, (°); f is angle
between L and L,, (°); fi is angle between L; and loc, (°); f» is angle between L
and loc, (O).

B3 REFEDTEH

Fig.3 Swing schematic diagram of limit shank
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1.Sensor protective sleeve 2.Angle sensor 3.Coupling 4.Coupling sleeve
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Fig4 Angle measuring device of limit shank
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Fig.5 Laboratory testbed
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Table 1 Modeling test data of downforce measurement
M MRS e Bl MRS g pn
o) detection dowﬁfi)trt?:lf N o) detection dowﬁff;lcl:aelf N
downforce fo/N 4 downforce fy/N A
1674.0 771 12384 778
1790.4 874 1334.4 873
2091.6 1083 1582.8 1087
32.8 2401.2 1283 233 1831.2 1279
26172 1408 2007.6 1411
2816.4 1519 2160.4 1516
3003.6 1618 2326.8 1618
1550.4 778 1098.0 774
1641.6 872 1173.6 873
1953.6 1088 1413.6 1089
29.9 2248.8 1280 20.7 1634.4 1274
2458.8 1406 1796.4 1402
26472 1514 1940.4 1511
2 836.8 1614 2 085.6 1 609
1419.6 776 853.2 775
1 506.0 872 927.6 875
1782.0 1091 1146.0 1089
272 2035.2 1275 18.1 1363.2 1276
22392 1403 1524.0 1409
2382.0 1508 1670.4 1516
25548 1606 1 804.8 1617
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TALRIJT 729 30860, YiiE REL (R®) 5 0.991 6, £ZIEHk
SERH (Ryg) 7 0.9907, $H75HE% (root mean square
error, RMSE) 4 28.88 N,



%53

e SRR A A R BT R AN A AR 5

WAL AT, A BB FEARE S, I BRI
£ RN B B e O PR M R, B S T R I
RAA, I RE R R 70 RS A A AR A A A %,
HeBR PR 1 B R (R, R TR A . it
35, NIE AT @B SEBR N R ISR, A
BRI G 3T T B N IRIE IR . % RE B AR sz
PEMVAESL, TR AL, BENLER 3 ANRIRE A
FEREATINGS, WA 08 19.3°, 24.6°H1 31.5°,
A3y BN R FE R 69 49 F1 22 mm. 7E 3 FIRERE T,
BUB BRI RSy, SR FIE A CRFFHED) R
RITRME . LASEBR N RS E R AL bR, AL TE A
Ak, ZHlHE 6 FrnBiERCS K, Hd y=x FIRSEL
br NI

P800T Wy S
Angle between limit shank

1 600 and unit frame 6/(°) .
+193 =
1 400 024.6
x 315
1200
1000

o®
=
=3

P R I JyPredicted downforce/N

600

800 1000 1200 1400 1600 1800
SzfR B JE /) Actual downforce/N
A6 HEEFNIEIERELER

Fig.6  Verification test results of model prediction
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Abstract: Appropriate and consistent seeding downforce can reduce the vibration of row units and improve the stability of
sowing depth. Studies have shown that the existing real-time measurement methods are not suitable for precise control of
downforce due to the poor universality of methods, inadequate stability and low accuracy of output. To solve these problems
and promote the development and application of downforce control technology, a universal measurement method was adopted
by replacing the pin shaft of the limit block with the axle pin sensor. The mechanical analysis and design selection methods of
the axle pin sensor were studied, which could provide a reference for the design of pin sensor with similar structure in the
future. Based on the analysis of the motion of a gauge wheel, a relationship model between the seeding downforce and the
sowing depth was established, which pointed out that the angle of limit shank was an important factor affecting the accuracy of
downforce measurement. Then a sowing depth measurement device based on the angle of limit shank was designed and the
corresponding depth measuring model was established to reduce the measurement error of single variable model with different
sowing depth settings. Equipped with the sowing depth measurement device and the axle pin sensor, an indoor test platform
was built and a modeling experiment with six kinds of sowing depth and seven levels of downforce was conducted. By using
the polynomial approximation fitting method with Matlab, the sensor data was analyzed and a bivariate correction downforce
measurement model was established with determination coefficient (R*) of 0.991 6 and root mean square error (RMSE) of
28.88 N. To accurately evaluate the predictive performance of the model, a validation test with another three sowing depth
settings and six downforce values was designed and carried out. The results showed that the maximum absolute value of
prediction error was 44.13 N and the maximum relative prediction error was 3.28% with different sowing depth settings, which
indicated that the downforce measurement model had good universality and accuracy. Furthermore, to analyze the frequency
composition of dynamic change of seeding downforce caused by collision and impact during seeding operation, a field
experiment of two-factor split plot was carried out with tillage mode and speed as experimental factors, and the data was
collected by an electronic control unit (ECU) with the sample frequency of 200 Hz. Spectrum analysis of the data by discrete
Fourier transform (DFT) showed that the time-domain variation of downforce was sharper at higher planting speed and a larger
margin of downforce occurred in no-tillage field, which led to the increase of high-frequency components. Besides that, the
main frequency amplitude of downforce vibration decreased with the increase of planting speed, whose maximum value was at
4 km/h, corresponding to 219.1 N and 161.4 N for the no-tillage field and the rotary tillage field respectively. The results of
power spectral density (PSD) analysis of downforce signal showed that the main frequency amplitude and peak value of PSD
in the no-tillage field were larger than that in the rotary tillage field. Moreover, the vibration frequency was less affected by
tillage mode and planting speed, mainly concentrated in 0-1 Hz, which could provide a reference for low-pass filtering of
signals in downforce control. The study can lay a foundation for precise control of seeding downforce.

Keywords: mechanization; sensor; seeder; seeding downforce; sowing depth; mathematical model; axle pin sensor



