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Abstract: In the process of raising rice seedlings, it is necessary to manually place the seedling trays
one by one in the seedling field, which is labor intensive and low in efficiency. In order to solve this
problem, according to the actual conditions of the rice seedling field, this paper designs and develops
an automatic rice tray laying system, which consists of a gantry truss moving unit, a tray laying trolley
unit, a tray laying mechanism unit and a sensor control unit. Through the movement and timing
coordination of the cams in the laying mechanism unit, four actions of holding, clamping, laying
and restoring are designed to realize the orderly and automatic laying of the stacked seedling trays
one by one. In order to meet the agronomic requirements of the horizontal and vertical spacing of
seeding trays, especially the efficiency of rice tray laying, the control strategies of the key parts of the
system were simulated, selected and optimized. For the longitudinal movement of the gantry truss,
the cross-coupling control strategy is adopted to realize the detection and compensation correction
of the synchronous position error of the two driving motors. As for the drive motor of the laying
trolley and the laying mechanism, the optimized master-slave follow-up control method is adopted
to improve the efficiency and accuracy. The results of simulation and field experiment show that
when the tray trolley moves on the gantry truss at the speed of 7.5 cm/s, the gantry truss moves at
the speed of 35 cm/s in the longitudinal direction, and when the height of the tray laying mechanism
is 100 mm from the ground and the motor speed is 375 rpm, the horizontal spacing of the tray can be
maintained at 25 + 5 mm and the vertical spacing at 15 & 5 mm. The efficiency of tray laying can
be increased by 35.7%, up to 380 trays/h, meeting the technical requirements of mechanized field
tray laying.

Keywords: rice seedling tray; automatic tray laying; cooperative control

1. Introduction

Rice is the main food crop in China, but the mechanization level of rice planting is
relatively low. Rice seedling raising is a key link in rice planting. At present, there are
factory assembly lines for planting and raising seedlings. However, the transporting of
the sowed seedling trays to the seedling field, and laying them neatly and orderly in the
seedling field is done manually [1]. Manual laying will inevitably lead to high labor cost
and low efficiency. Therefore, in order to improve the production efficiency and reduce the
cost of seedling raising, it is necessary to develop a rice seedling tray laying system with a
high degree of automation and good quality.

In the United States, Australia, the Netherlands and other European countries, direct
seeding is generally used for rice planting, so there is little research on the special agricul-
tural equipment for rice seedling tray laying [2]. However, for the seedlings of economic
crops such as vegetables and flowers, a seeding assembly line with complete functions and
a high degree of automation was adopted. In the Netherlands, two companies called Visser
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and Flier Systems have developed an automatic production line for vegetable precision
sowing, which realizes the functions of automatic tray feeding, flowing water sowing,
spraying and stacking [3]. The working efficiency can reach 1000 trays/h, but it is only
suitable for big bowl flowers or vegetables.

Japan’s research on the mechanization of rice planting and seedling raising has been
relatively mature [4]. For example, the Yangma agricultural machinery company developed
a full-automatic seedling box automatic supply device, which can not only realize automatic
tray laying in the field, but can also automatically recycle the seedling trays laying in the
field [5]. The device has a compact mechanical structure and complete functions. It
creatively realizes two different operations of laying and recycling rice seedling tray in
the field, greatly reduces the labor cost and improves the utilization rate of the machine.
However, during the working process of the machine, it is still necessary to manually
separate the stacked seedling trays and put them into the machine one by one. In addition,
when the machine recycles the seedling trays, the requirements for the flatness of the
seedling field and the neatness of the seedling trays are relatively high, and the recycling
mechanism can very easily damage the rhizomes of the seedlings.

OH Chang Joon et al. developed a tray seeding device; the device has an automatic
tray feeding device, which realizes the separation of the seedling tray through a plurality
of dialing ears, and has high tray feeding efficiency and reliable action [6]. However, the
requirements for the installation and use of the device are relatively high, requiring the use
of specific seedling trays and only 2-3 seedling trays can be placed at a time for laying.

Xie Lianshuang et al. developed a laying machine for rice seedling trays. The device is
suitable for soft and hard seedling trays [7]. In the process of laying the seedlings, farmers
only need to place the seedling trays on the conveyor belt and drag the laying machine at
an appropriate time. The structure is simple and the operation is convenient. However, the
machine cannot separate the nested and stacked seedling trays, and farmers need to pull
the machine in the seedling field, which has limited work efficiency.

Ma Jinglong et al. designed an automatic tray laying device in the seedling-raising
greenhouse [8]. The device involves the cooperation of four mechanisms and the entire
automatic tray laying device requires three auxiliary transportation lines, which is high in
cost, large in space and not very practical.

Liu Haibin developed an air suction type automatic seedling tray placement ma-
chine [9]. The device is dedicated to the suction of soft seedling trays. A suction cup
holder is designed, which contains a vent tube connected with four vacuum suction cups.
However, there is a high requirement for accurate positioning of the tray, which is easy to
cause failure in the complex environment.

An articulated vegetable seedling tray and automatic placement machine was devel-
oped by Zhang Xiuhua [10]. The advantage of the device is that it adopts a multi-joint
manipulator as the layup actuator, which has a high degree of automation and good layup
quality. The disadvantage is that the multi-joint pan-laying mechanism is complicated to
debug in the actual tray laying process and has poor versatility. At the same time, in order
to allow the tray laying mechanism to clamp the seedling tray, a shell needs to be placed
on the original seedling tray, which increases the use cost.

Chiu Y.-C. developed a field self-propelled automatic tray loading/unloading ma-
chine [11], but the overall equipment is too large and only suitable for large rice fields
with better conditions. The transportation, disassembly and subsequent maintenance
costs of the machine are relatively high. It is difficult to be accepted by some small and
medium-sized farmers.

Although the United States and developed countries in Europe already have relatively
mature tray laying devices with a high degree of automation in general, most of those
devices are only suitable for the automatic supply of empty trays on the seeding assembly
line. Special equipment or research has not been made public.

In Japan, there is research on field tray laying, but most of the research is only suitable
for the special tray made by their own enterprises, and cannot fully adapt to the mainstream
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tray in the Chinese market. In addition, the laying machines generally require a better
external use environment and better hardware supporting facilities, which are not available
for small and medium-sized farmers in China, so they have not been widely recognized.

At present, the existing rice seedling tray laying device in China mainly realizes the
laying action through the cooperation of a conveyor belt, an electric push rod, a manipulator,
and a suction cup. Among them, there are some relatively novel laying equipment, but
the overall degree of automation is not high, much manual participation is required, there
are common problems such as low efficiency and inconvenient operation, and they are
all in the stage of research and development or laboratory test, and they have not been
popularized in the field.

Therefore, we designed and developed an automatic rice tray laying system, which
uses the preset longitudinal track in the seedling field; the gantry truss moves along the
longitudinal track, and the tray laying trolley moves horizontally on the gantry truss
to realize the automatic tray laying operation [12]. It is suitable for small and medium-
sized farmers in China. It has the characteristics of simple structure, moderate cost, good
versatility, simple operation, and a high degree of automation. Farmers only need to load
seedling trays on one side to complete the laying of all seedling trays. Table 1 shows the
comparison with the existing laying machine model.

Table 1. Comparison of rice seedling tray laying schemes in the field.

Comparison Index Modular Splicing Hand Push/Self-Propelled Gantry Rail Type
Innovation Weak General Strong
Structure Simple Moderate Moderate
Cost Low Moderate Moderate
. Strong, suitable for Poor, suitable for seedling trays of Generally, suitable for
Versatility . . oo D . .
multi-standard seedling trays specific specifications mainstream seedling trays
. . . Moderate, need to manually load High, can load 8-10 stacked
Automation Low, need farmer intervention ) . . .
a single seedling tray seedling trays at a time
Difficult, need to adjust the Generally, farmers are requ}rec@ to Easy, farmers only need to
. - follow the tray laying device in .
Operating coordination between the S load seedling trays on one
. the seedling field throughout the .
various modules . side and press the start button
entire process
Effectiveness Low Moderate High
. . .. . Complex, requiring
Control method Simple, only need switch and Moderate, requiring simple coordinated control of

single motor control

mechanical combination control

multiple motors

2. Materials and Methods

2.1. Materials

The overall structure of the rice seedling tray automatic laying system is shown in
Figure 1, which mainly includes preset track 1, gantry truss 2, plate laying trolley 3, and

control cabinet 4.

Figure 1. Structure of automatic rice seedling tray laying machine.
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2.1.1. Gantry Truss

The gantry truss has a span of 8 m and adopts an assembled structure, as shown in
Figure 2, which is mainly composed of drive wheel components and a truss. The driving
wheel components are distributed at the two ends of the bottom of the truss. Both sides
are powered by a servo motor matching reducer. The front and rear moving wheels on
the same side are driven synchronously through a chain drive. The truss is composed of
standard steel round tubes, square tubes and a groove bottom frame, which can be divided
into triangular trusses and square trusses. The triangular trusses are connected laterally by
bolts, the square trusses are fixed at both ends, and the trough bottom plate is used as the
truss support for flexible disassembly and assembly.

1. Driving wheel 2. Groove bottom frame on the lett half 3. Groove bottom frame on the right half
4. Triangular truss I 5. Triangular truss IT 6. Square truss

Figure 2. Structure of gantry truss.

The gantry truss is used as the moving track of the paving trolley, and the overall
rigidity is an important evaluation index of the structure. In order to further study the
rigidity of the truss, the finite element technology is used to carry out static analysis with
the help of ANSYS workbench software. In order to improve the calculation efficiency, the
analysis model is simplified in Solidworks software, and the material properties of the
model are assigned. The truss adopts carbon steel Q235, and the material properties are
shown in Table 2.

Table 2. Gantry truss material property.

Material Yield Point  Tensile Strength Density Elastic Modulus  Poisson’s
Name (MPa) (MPa) (gecm—3) (GPa) Ratio

Q235 235 375 7.85 7.85 0.28

According to the actual working conditions, the entire gantry truss is supported at both
ends, which can be approximated as a simply supported beam subjected to concentrated
forces. As shown in Figure 3, when the trolley is in the middle of the gantry truss, the
gantry truss has the maximum bending deformation at this time.

J'y
Y

Figure 3. Bending deformation diagram of gantry truss.



Agriculture 2021, 11, 679

50f21

In the process of modelling constraints, the four wheel components of the truss are
fixed. When loading the truss, the weight of the truss itself, the pressure of the tray laying
trolley and the weight of the tray loaded by the trolley should be considered. The loading
details are shown in Table 3.

Table 3. Truss loading condition.

Payload Name Loading Method Load Value
Gantry truss Automatic generated /
Tray laying Trolley Applied surface load 110 kg
Rice seedling tray Applied surface load 20 kg

Finally, the final force and deformation of the gantry truss are calculated, and the
result is shown in Figure 4.

Y
000 1000.00 200000 (mm) ®

500.00 1500.00

gnﬂ"gr‘

P —

Y
0.00 1000.00 2000.00 (mm)
[ E— SS— @
500.00 1500.00

(b)

Figure 4. (a) Deformation cloud map of gantry truss. (b) Stress cloud diagram of gantry truss.

It can be seen from Figure 4 that the maximum deflection of the truss appears in the
middle, and the deformation is 11.073 mm. During the laying operation, the distance
between the laying mechanism and the ground is 100 mm, so the deformation caused by
the truss will not affect the laying operation and the laying quality. The maximum stress of
the truss is 131.68 MPa at the joint of the truss and the moving wheel, which is within the
bearing range of the structure. The design is reasonable and meets the requirements.

2.1.2. Tray Laying Trolley

The tray laying trolley is the core working component of the system; it needs to be
loaded with seedling trays and moved on the gantry truss. Before tray laying, the seedling
trays must be lowered to a suitable height from the field before tray laying. Therefore, the
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structure of the tray laying trolley mainly includes a trolley body frame, a traveling drive
assembly, and a seedling tray lifting mechanism, as shown in Figure 5.

Seedling tray lifting

Travel drive assembly
mechanism 4

Seedling tray box

Trolley body frame

Figure 5. Structure of tray laying trolley.

As the main structure of the tray laying trolley, the frame of the trolley body should
not only facilitate the installation of accessories, but also must be simple to process, strong
and reliable. It is welded into a whole by rectangular square tubes of uniform specifications,
and the bottom of the trolley body frame is connected on all sides to form a closed structure,
which greatly improves the overall rigidity. The upper part of the trolley body frame is
connected on three sides, and one side of the opening is used to manually put the seedling
tray into the trolley.

There are front and rear drive shafts in the middle of the trolley body frame, and a
unilateral limit moving wheel is fixed at both ends of the same shaft. The laying trolley
has only one drive motor, and the drive torque is directly transmitted to one of the drive
shafts through a set of gears, forming a single-sided direct drive mode, as show in Figure 6.
Through the forward and reverse rotation of the driving motor, the laying trolley can realize
linear reciprocating motion on the truss, with high driving efficiency and precise control.

Traveling drive motor

/ \
Rear drive shaft Front drive shaft Transmission gear

Driving wheel

Figure 6. Traveling assembly of laying trolley.

The lifting mechanism of the seedling tray box mainly includes a lifting drive motor, a
screw nut and a guide rail slider. The screw nut and the lifting block on one side of the
seedling tray box are fixed together. As the screw rod rotates on the fixed axis, the screw
pair between the screw rod and the nut makes the seedling tray box move up and down.
On the same side of the screw rod, guide rail sliders are installed on the left and right of
the seedling tray box, in which the slide is fixed on the side wall of the seedling tray box,
and the linear guide rail is fixed on the trolley frame, as shown in Figure 7. Each time the
seedling trays are manually loaded into the seedling tray box at a different position, it will
affect the center of gravity of the seedling tray box. Therefore, the seedling tray box may
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tilt during the lifting process. Two sets of support wheels are installed on the opposite side
of the guide rail slider to ensure the vertical lifting of the seedling tray box.

Lifting drive motor

Guide and slide

Screwrod  geedling tray box Support wheel

Figure 7. Seedling tray lifting mechanism of laying trolley.

2.1.3. Tray Laying Mechanism

The tray laying mechanism is composed of two sets of cam groups with different pro-
file curves, which are installed symmetrically and coaxially. Through the phase difference
of the two cams installed on the shaft, the coordination of the claw and the supporting plate
in the time sequence is realized, so as to complete the orderly and one by one laying of the
stacked seedling tray. The power is provided by a servo motor matching with the reducer
and through the chain drive. When operating, the left and right laying mechanisms rotate
at the same time, and each rotation cycle completes a laying action, as shown in Figure 8.

Servo motor

Swing rod

Cam I

Shaft -' Chain
Figure 8. Structure of tray laying mechanism.

The laying process of the tray laying mechanism can be divided into four actions,
which are holding, clamping, laying and restoring. The specific actions are broken down as
shown in Figure 9.
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Sheet metal cover

Shaft 1
Claw CE’TI
Cam 11 =~ 7R
(& (& &>
b2 CH Ic \-\..__,./‘j
\\ﬁ 1] ;/<_\ ) ‘\\w E 7
FAN A R Swing rod ¥y A
Supporting plate  Rice fray
L8 b & o VARV AR AR A A A A Y &Y/
{(a) holding tray {(b) damping tray
I [ | |
- | |
S (o)) © ' | (@
: - @ [ [
; I f:_ -~ [ [ ) :I
] / S ] 3 s
S A
;
(¢} laying tray (d) restoring holding tray

Figure 9. (a) Holding action of the laying mechanism. (b) Clamping action of laying mechanism.
(c) Laying action of laying mechanism. (d) Restoring action of laying mechanism.

Figure 9a shows the initial state of the laying mechanism. Cam I is near the resting
point, which makes the claw retract in the sheet metal housing, but cam 1II is at the far
rest point, which makes the swing rod at the maximum swing angle, and the supporting
plate constrains the bottom of the last seedling tray to realize the action of holding the
seedling tray. With the clockwise rotation of shaft I, when cam I is in the push motion, the
claw gradually extends out and is stuck between the penultimate first and the second tray.
At the same time, cam II is still in the far rest state and continues to support the bottom
of the lowest seedling tray. As shown in Figure 9b, the chuck action is just completed.
When cams I and II are in the position as shown in Figure 9¢, cam I presses the claws to
make them completely stuck on the edge of the penultimate seedling tray to prevent other
seedling trays from falling. At the same time, cam II gradually returns and reaches the
resting point, and the supporting plate gradually releases to make it fall completely. At
this moment, the laying action is completed. As shaft I continues to rotate, as shown in
Figure 9d, cam I begins to return to make the claw retract, corresponding to cam II also
entering the push stage, the swing rod begins to swing back, and the supporting plate will
support the bottom of the last seedling tray again. From Figure 9a—d, the rotating shaft I
rotates clockwise for one circle, and the tray laying mechanism completes four actions in
turn to realize the laying of a seedling tray.

Through the decomposition of the laying action, we can see that each action corre-
sponds to a limit position of the cam. According to the practical requirements of the laying
mechanism, such as low rotation speed, heavy load and stable dropping of the tray. The
claw and supporting plate are used as the follower of cam I and cam II, and their changing
process can adopt the cosine acceleration motion law with flexible impact, which is suitable
for the general situation of medium low speed and heavy load. Based on the above analysis,
the motion sequence diagram of the claw and the supporting plate can be obtained, and
the contour curve of the corresponding cam can be obtained by the drawing method, as
shown in Figure 10.
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Follower motion curve of cam I

J H/mm Follower motion curve of cam II ‘ [OYAd
\4\9\1 92 93 en-J”_ren Dmax
A
Hmax Bx\ B
3 1
) /n'\Bi
- P,
An- 1 An
1
5, 3 5/°

(b) (c)

Figure 10. (a) Decomposition diagram of follower motion sequence. (b) Profile curve of cam I.
(c) Profile curve of cam II.

2.2. Method
2.2.1. Workflow of Tray Laying System

The field work diagram of rice tray automatic laying system is shown in Figure 11, in
which the longitudinal track is preset on both sides of the greenhouse seedling field, and
the transverse gantry truss carries the laying trolley.

Canal of seedling field

. \\ ; Longitudinal preset track
[
Rice seedling bed -::FJ:‘_HL_L__&_
} i laying trolley
[
Longitudinal preset track ——— } :
T
I 1
I |
f\/\/\/VW\/\‘(V‘I‘/\/\/\/\/VW\ﬁ
} —~
Field hardened pavement i Gantry truss
— :
|
|
I
I
I
|
|

T

—tt>
|
|

Rice seedling tray

Figure 11. Schematic diagram of rice seedling tray laying system in the field.

The laying trolley moves horizontally on the gantry, and the tray laying is realized
by the built-in tray laying mechanism. When a row of horizontal trays is laid, the gantry
truss and the tray trolley move along the longitudinal track to realize the longitudinal tray
laying. The specific work flow is shown in Figure 12.
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The gantry truss moves to the
initial position

l

!

‘ Reset of Laying trolley

Raising and reset of
seedling tray box

Is reset successful

Y

Fixed point movement of gantry
truss

=}

A
Manual loading of seedling tray
Press the start button

!

The laying trolley moves to the The seedling tray box is lowered to a
initial position height that can be laying

aying trolley in place

Fixed point movement of laying The laying mechanism completes a
trolley laying action

Alarm

Whetlier to complete the longitudisa
laying

Laying completed

Figure 12. Control flow chart of rice seedling tray laying system.

2.2.2. Design of the Control System of Tray Laying System

In view of the function and space layout requirements of the tray laying system,
according to the idea of modularization, the tray laying system is divided into a truss
longitudinal fixed-length moving module, a tray laying trolley horizontal moving module,
a seedling tray box lifting module, and a tray laying mechanism drive module. Five three-
phase permanent magnet servo motors (PMSM) are used in the entire system, of which two
high-power A2 series AC servo motors from Delta are used for the longitudinal movement
of the truss, and three low-power B2 series AC servo motors are used for other modules.
In order to maintain high response and consistency, the truss longitudinal moving motor
adopts position control by communicating with the system controller, and the other three
servo motors adopt high-speed pulse and direction control mode.

According to the previous analysis of motor control, the Siemens 51200 series PLC
(Programmable Logic Controller) is selected as the control core of the system, which can
meet the control requirements of five motors. It uses external signal elements such as
proximity switches and photoelectric switches to detect key working positions, and uses
HMI control with a touch screen. The specific control system components and control
electrical cabinets are shown in Figure 13a,b.
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Limit and reset of gantry truss Limit and reset of tray-laying  Positioning of Positioning of laving

__________ trolley =~ seedling tray box  mechanism  Signal indicator
| o e =7 g 1 m
I : 16 ¢ : | : | ,/: | :
! | 5 5 | A7 "
| & e & 8 !
.t | . @ | | |

-‘_. . o
Communication

Touch screen PLC module

Communication control position

i Wy gy Wy - Ll
_ J |_ i High speed pulse [igh speed pulse High speed pulse

(b)

Figure 13. (a) Physical relation diagram of the control system of the tray laying machine. (b) Control
electrical cabinet of tray laying machine.

2.2.3. Control Strategy of Tray Laying System

The tray laying machine can run well and meet the agronomic requirements of field
laying. The key is the coordinated control between the two driving motors of the gantry
truss, the two driving motors of the laying trolley and the laying mechanism. There are
three main ways to use the PLC as the main controller for multi motor cooperative control,
which are parallel closed-loop control, master-slave follow-up control and cross coupling
control [13-15].

In order to better compare the advantages of various control strategies, choose the
most suitable control strategy for each module of the system, establish a three-phase



Agriculture 2021, 11, 679

12 of 21

PMSM (Permanent magnet synchronous motor) vector control simulation model in MAT-
LAB/Simulink, and analyze three common motor cooperative control strategies.

In the vector control method of the motor, it is necessary to transform the natural
coordinate system of the motor into a synchronous rotation coordinate system of d-q
two directions, that is, three-phase static becomes two-phase rotation. Therefore, in the
simulation process, the three-phase PMSM vector control method with I3 = 0 can be used,
that is, the current component on the d-axis is zero, and all torques of the motor are
controlled by the g-axis current I, which realizes the decoupling of the torque control [16].

As shown in Figure 14, the control method uses the traditional PI (proportional integral
controller) adjustment method, which mainly includes three parts: speed loop PI regulator
(used to control motor speed), current loop PI regulator (control current Iq to maintain
torque) and the SVPWM algorithm (space vector pulse width modulation) [17].

Speed loop PI regulator Current loop PI regulator SVPWM

|

Figure 14. Three phase PMSM vector control diagram.

The basic parameters of the motor in the simulation: pole number P, = 4, stator
resistance R = 0.958 (), stator inductance L; = 5.25 mH, [, = 12mH, flux linkage
¢ = 0.183 Wb, moment of inertia ] = 0.003 Kg - m?, damping coefficient B = 0.008 N -m - s.
The simulation conditions: voltage U;. = 311V, sampling period Ty = 10 us, PWM
switching frequency fyuwm = 10 kHz, using variable step size obe23 tb algorithm [18], speed
loop PI regulator parameters B, = 0.013 , Ky = 0.14, Kj, = 7 and simulation time 0.3 s.

The reduction ratio of the gantry truss drive motor is 14:1. Considering that the total
weight of the gantry truss, the tray laying trolley and the seedling tray is about 270 kg, the
diameter of the driving rubber wheel is 80 mm, and the friction coefficient is about 0.8, the
torque acting on the driving wheel can be calculated to be about 4.17 N - m.

Therefore, the simulation conditions can be set as follows: the reference revolution is
1200 rpm, make the driving wheel move forward at the speed of 35 cm/s, the initial load
torque 111 = 4.17 N - m, and load disturbance torque T, = 10 N - m on motor 1 and motor
2, respectively in 0.1 s and 0.2 s.

The speed reduction ratio of the drive motor of the tray laying mechanism is 25:1, the
total mass of the seedling tray with soil is about 20 kg, and the distance from the center
of the seedling tray to the edge of the seedling tray is 150 mm, so the maximum torque
during tray laying is about 1.41 N - m.The total mass of the laying trolley is about 110 kg,
the diameter of the driving rubber wheel is 60 mm, and the friction coefficient is about 0.8.
It can be calculated that the torque acting on the driving wheel is about 3.21 N - m.

Therefore, the simulation conditions can be set as: the reference speed is 375 rpm,
so that the laying mechanism completes a laying action in 4s, the initial load torque of
motor 1is Ty = 1.41 N - m, and the initial load torque of motor 2 is Ty = 3.21 N - m. The
disturbance torque Tr3 = 10 N - m is applied to motor 1 and motor 2 in 0.1 s and 0.2 s,
respectively.
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According to the actual operation of the tray laying system, the two driving motors of
the gantry truss, the two driving motors of the laying trolley and the laying mechanism are
respectively simulated by different control strategies. The simulation results are shown in

Figure 15.
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Figure 15. (a) Simulation results of parallel closed-loop control strategy. (b) Simulation results of master slave servo control

strategy. (c) Simulation results of cross-coupling control strategy.

From the analysis of the simulation results, it can be seen that when the parallel
closed-loop control is adopted for cooperative control, although each motor can maintain a
stable output, the two motors are independent of each other. When one of the motors is
disturbed and the speed changes, the other motor will not adjust the disturbance in time,
and the system has poor coordination and weak anti-interference ability.

For the master-slave follow-up control strategy, there is a certain delay in the oper-
ation of the two motors, and the response of the slave motor is slower than that of the
master motor. When the main motor is disturbed, the slave motor will also make timely
adjustments following the change of the main motor’s speed. However, the disturbance of
the slave motor is not fed back to the main motor, and the main motor cannot track and
adjust in time, resulting in the phenomenon that the two motors are not synchronized.

When the cross-coupling control strategy is adopted, when motor 1 and motor 2 are
disturbed respectively at 0.1 s and 0.2 s, the other motor can be adjusted and followed in
time as the disturbance occurs.

Through the above-mentioned control strategy research and simulation comparison,
combined with the experimental results of using independent program modules in the
laboratory field, as shown in Table 4, the control strategy of each module of the plate laying

system can be matched.



Agriculture 2021, 11, 679

14 of 21

Table 4. Comparison of laying effect of rice seedling tray with different control strategies.

Judgment Factor

Parallel Closed Loop Control Cross-Coupling Control Master-Slave Servo Control

Maximum Minimum Maximum Minimum Maximum Minimum
Horizontal spacing of seedling 384 275 361 2.0 372 26.9
trays (mm) ’ ’ ’ ’ ’ ’
Longitudinal spacing of 26.7 172 248 157 254 161
seedling trays (mm) ’ ' ’ ' ’ '
The angle between the gantry
truss and the track (degree) 88.7 82.5 89.1 85.4 88.9 84.4
Truss offset (mm) 69.8 2.2 26.3 1.1 38.9 1.6

Whether the motor can be kept
in coordination
Control strategy complexity

Only the slave motor can
follow the master motor
Low Complicated Commonly

No Yes

The length of the seedling field can reach 20-30 m. The two drive motors of the
gantry truss need to be highly coordinated. Otherwise, the accumulation of errors for a
long time will cause the truss to tilt or even fall off the track. Therefore, when any drive
motor is disturbed, another one must follow in time. It can be seen from the table that
the consistency of the two motors using the cross-coupling control strategy is the best,
which can effectively ensure the stability and accuracy of the gantry truss running on the
longitudinal track for a long time, and meet the requirements of the longitudinal movement
of the laying system.

For the drive motor of the tray trolley and the laying mechanism, it can be seen from
the data in the table that the same cross coupling control strategy is the best for tray laying.
However, compared with the gantry truss drive motor, their synchronization accuracy is
not high, and in the actual operation, the speed of the drive motor of the tray trolley and
the laying mechanism is different, and the cross coupling control strategy is more complex.
Realizing the cross coupling control of different speeds between the two motors will make
the system algorithm huge and increase the operation burden of the system.

Using a master-slave follow-up control strategy, the algorithm is relatively simple.
After the improvement, the two driving motors can maintain different speeds. When the
laying mechanism completes a laying action, the fixed-point displacement of the laying
trolley is just completed, which can greatly improve the efficiency and accuracy of laying.

It is necessary to overcome the problem that the disturbance of the slave shaft cannot
be transmitted to the master shaft. The driving motor of the laying mechanism that is the
most disturbed and the least controllable and stable is used as the master motor; at the
same time, improving the anti-interference ability of the slave shaft itself can better ensure
the synchronization of the entire system, which not only guarantees the efficiency and
accuracy of tray laying, but also avoids the phenomenon of tray overlapping and stacking.

2.2.4. Cooperative Control Method Based on Sliding Mode Speed Control

The coordinated control of multiple motors is a key part of the entire laying system,
and the synchronization accuracy will determine whether the performance of the entire
system can meet the requirements of the field laying. Therefore, in the face of different
control strategies, it is essential to design a control method that runs stably and can achieve
precise synchronization for the control system of the laying system.

At present, the speed controllers in three-phase permanent magnet AC motors gen-
erally use traditional PI regulators, which have the characteristics of a simple algorithm,
high reliability, and convenient parameter setting. However, the three-phase PMSM is a
multi-variable nonlinear and strongly coupled system [19]. It can also be seen from the
previous simulation results that when the system is affected by external disturbances or
when the parameters such as motor start and stop change, the traditional PI control method
has shortcomings such as untimely response and large fluctuations, which cannot meet the
requirements of actual use.
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In order to improve the dynamic quality of the three-phase PMSM speed control sys-
tem, using the characteristics of sliding mode control to be insensitive to disturbances and
parameter changes, and fast response speed, a sliding mode speed controller is designed to
realize the coordinated control of the three-phase PMSM [20].

Firstly, the mathematical model of PMSM motor in the d — g coordinate system
is established: i

uy; = Rig+ Ls# — PnwmLsig
. di .
Ug = qu + Lsdij + PnwmLsig + pnwm P (1)
dwom _ /
IS = 3Pu@sig —To

where 1, ug are the d — g axis components of stator voltage respectively; i, iq are the
d — g axis components of stator current, respectively; R is the stator resistance; w;, is the
angular velocity of the motor; p; is the number of poles of the motor; | is the moment of
inertia; ¢y is the flux linkage of permanent magnet; L; is the stator inductance; and T is
the load torque.

For PMSM, the rotor field-oriented control method with i; = 0 can achieve better
control effect, and Equation (1) can be simplified as:

di .
{ Ltd:Lis(_qu_p”q)fa]m_'—uq> (2)
= %(_TL +3pngrig)

Define the state variables of the PMSM system:

{ X1 = Wref — Wm 3)

Xo = X| = —Wp

where w, is the reference or set speed of the motor, which is a constant and wyy is the
actual speed.
Define the sliding mode function as:

s=cx1+x2 4)

where ¢ > 0 is the parameter to be designed.
The derivation of Equation (4) can be obtained:

§=cX1+Xp =cxp+ X = cxp — Du (5)

In order to ensure that the three-phase PMSM drive system has a good dynamic re-
sponse, the exponential approach method is adopted to obtain the expression of the controller:

u= %[cxz + esgn(s) + gs] (6)

It can be seen from the above formula that because the controller contains an integral
term, it can not only weaken the chattering phenomenon, but also eliminate the steady-state
error of the system, and improve the control accuracy and performance. At the same time,
using the controller expression of Equations (4)—(6), using the same motor parameters as
the PI controller in Section 3, we build a simulation model based on the sliding mode speed
controller [21], as shown in Figure 16.

In order to verify the advantages of the sliding mode speed controller compared to the
traditional PI speed controller, a cross-coupling control strategy was built using the sliding
mode speed controller model. Under the same simulation conditions, the simulation results
are shown in Figure 17.
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Figure 16. Three phase PMSM vector control model based on sliding mode speed controller.
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Figure 17. Cross coupling simulation results based on sliding mode speed controller.

Compared with Figure 15¢, it can be seen that using sliding mode speed control,
when the motor is disturbed, the system’s regulation response is more timely and the
control is smoother. The synchronization error between the two motors under the two
control methods is shown in Figure 18. With traditional PI speed control, when the
system is disturbed, the maximum motor synchronization error can reach 67 rpm, and the
fluctuations are relatively severe. The maximum synchronization error of the motor using
sliding mode speed control is 34 rpm, which is significantly lower than that, indicating that
the system using the sliding mode speed controller has better dynamic performance and
anti-disturbance ability.

200

Shding mode control motor
svnchronization error

100 PT control motor
svnchronization error

-100

Motor synchronization error(rpm)
o

_200 | | i
0 0.05 0.1 0.15 0.2 0.25 0.3

Time(s)
Figure 18. Comparison of motor synchronization error between the PI control and sliding mode control.

In order to improve the efficiency of laying, the driving motor of the laying mechanism
and the laying trolley is controlled by an improved master-slave follow-up strategy. The
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former is the main shaft, the latter is the slave shaft. However, different from the traditional
master-slave servo control strategy, the master-slave servo control strategy based on the
sliding mode speed controller is optimized to make the speed of the master shaft and the
slave shaft different, maintain the servo characteristics, and improve the anti-interference
ability of the driven shaft itself. Even if the driven shaft is disturbed, the fluctuation will be
reduced to the minimum and the driven shaft will quickly return to the stable state.

The optimization strategy is simulated, as shown in Figure 19. The driving shaft speed
is set to 375 rpm, and the reduction ratio is 25:1. The speed of the driven shaft is set at
300 rpm, and the gear ratio is 1.25:1, which can make the laying trolley move at a speed of
7.5 cm/s. Therefore, it is possible to complete a laying action and directional movement
within 4 s, given the same disturbance to the driving shaft and the driven shaft at 0.1 s and

0.2 s, respectively.
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Figure 19. Optimization simulation of the master-slave servo control strategy based on sliding mode
speed controller.

3. Results and Discussion
In order to test the actual working performance, the fully automatic tray laying system

for rice seedlings was developed and tested in the field, as shown in Figure 20.

1. Control cabinet 2. Tray-laying trolley 3. Longitudinal preset track 4. Gantry truss

Figure 20. Rice seedling tray automatic laying system in the field.

The main evaluation index for judging whether the seedling tray is qualified is that
there is no overlapping during the process of laying the tray, the horizontal spacing of
the tray is not more than 35 mm, the longitudinal spacing is not more than 25 mm, and
the soil in the seed hole of the seedling tray does not turn over after the tray falls to the
ground. The height of the seedling tray box when laying will also affect the quality of the
tray placement. If the height is too high, the collision between the falling seedling tray and
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the ground will become stronger, and there will be a phenomenon that the substrate soil
in the seedling tray will be shaken out. If the height is too low, due to the flatness of the
seedling field, it is easy to cause the seedling tray box to scratch the ground, leading to
the failure of laying the tray. At the same time, it will also make the lifting stroke of the
seedling tray box larger and affect the efficiency. After the experiment, when the height
of the tray box from the ground is 100 mm, the seedling tray placement effect is the best.
Under this condition, the test of seedling tray laying in the field was carried out, as shown
in Figure 21.

Figure 21. Test of rice seedling tray laying system in the field.

First, prepare the 160 seedling trays that have been loaded with substrate soil for the
total test, and prepare each stack of 7 and 9 trays, respectively (It can be set according to
the width of the rice field). After calculation and setting, the tray trolley moves on the
gantry truss at the speed of 7.5 cm/s, the motor of the laying mechanism is used to lay
the tray at the speed of 375 rpm, and the gantry truss moves longitudinally at a fixed
point at a speed of 35 cm/s. Test the actual operation of 160 seedling trays under the PI
speed control method and the sliding mode speed control method, respectively. Record the
horizontal and vertical spacing between each seedling tray, and the distribution is shown
in Figure 22a,b.

The stability of the gantry truss movement is also one of the key factors for the
successful operation of the tray laying system. The total length of the seedling field is about
22 m, and the truss length is 8 m. The movement test of the gantry truss is carried out
separately. Each time, the gantry truss moves 70 cm at the speed of 35 cm/s, and 60 round
trips are a cycle. The angle between the center line of the two ends of the gantry truss and
the track is recorded every 2 times (acute angle). Test the PI speed control and sliding mode
speed control methods respectively, and the results are shown in Figure 23.
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Figure 22. (a) Comparison of horizontal spacing of seedling tray. (b) Comparison of the vertical
spacing of seedling trays.
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Figure 23. Comparison of angle degree between the gantry truss and track.

Calculate the maximum, minimum, average, and variance of the seedling tray spacing,
determine whether there is a phenomenon of overlapping trays and spacing exceeding the
standard. Finally, the success rate of tray laying was calculated. The angle data between
the gantry truss and the track is converted into the offset of the truss and the maximum,
minimum, average and variance are also calculated. The results are shown in Table 5.
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Table 5. Statistics of seedling tray laying test results.

PI Speed Control Sliding Mode Speed Control
Key Factors of Laying - — - - — :
Maximum Minimum Average Variance Maximum Minimum Average Variance
Horizontal spacing of tray 36.0 245 30.2 117 26.5 16.8 217 7.9
(mm) . . . . . . . .
Longitudinal spacing of tray g 30.4 245 10.1 205 14.4 175 31
(mm) . . . . . . . .
Angle between gantry fruss g 85.2 86.4 06 89.2 87.1 88.2 03
and track (degree) ’ ’ ’ ’ ’ ’ ’ ’
Truss offset 28.7 4.1 15.7 37.9 113 1.0 46 8.7
(mm)
Number of stacked trays 3 0
Unqualified laying 6 0
Efficiency of laying trays 280 trays/h 380 trays/h
Success rate of laying 96.7% 100%

It can be seen from the data in the table that the effect of sliding mode speed control is
better than that of traditional PI speed control, the precision and stability of tray laying are
significantly improved, and the lateral spacing of each tray can be maintained at 25 + 5 mm,
with longitudinal spacing of 15 £ 5 mm, the overall offset of gantry truss is controlled
within 20 mm, and the qualified rate of seedling tray laying reaches 100%.

During the test, the time required for the tray laying system was recorded. It takes
150 s at most to lay 16 seedling trays by sliding mode speed control (including 30 s for
two manual loading and 10 s for the trolley reset). Therefore, conservative calculation
shows that the tray laying system can lay 380 trays in one hour, and the efficiency of tray
laying is increased by 35.7%, which meets the technical requirements of mechanized field
tray laying.

4. Conclusions

(1) The agronomic requirements for the horizontal and longitudinal spacing of the
seedling tray and efficiency requirements during the tray laying process are to be met.
In this paper, a rice tray automatic laying system based on multi motor cooperation is
designed, and the multi motor control strategies of key modules are simulated and
compared. For the longitudinal movement of the gantry truss, the cross coupling
control strategy is adopted to detect and compensate for the synchronous position
error of the two driving motors. For the driving motor of the tray laying trolley
and the tray laying mechanism, an improved master-slave synchronization control
strategy is adopted to improve the efficiency and accuracy of the tray placement.

(2) Through calculations and field tests, the best combination of operating parameters of
the system is obtained: The tray laying trolley moves on the gantry truss at the speed
of 7.5 cm/s, and the gantry truss moves at a fixed point at a speed of 35 cm/s in the
longitudinal direction. When the motor of the tray laying mechanism lays the tray at
the speed of 375 rpm at the height of 100 mm from the ground, the system runs most
reliably and stably.

(3) In order to obtain higher quality and effect of laying, a PMSM sliding mode speed
controller is designed, which is applied to the multi motor cooperative control strategy
and optimized and simulated. The results of simulation and field tests showed that
when the tray laying system was set at the best parameters, the horizontal spacing of
tray was kept at 25 &+ 5 mm, with longitudinal spacing of 15 &= 5 mm, and the overall
offset of the gantry truss was controlled within 20 mm. The qualified rate of laying
trays reaches 100%, and the laying efficiency can reach 380 trays/h, which meets the
technical requirements of mechanized field laying.
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