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ABSTRACT

To enhance the mechanization and intelligence of rice seedling cultivation, this study addresses the problems
of high labor intensity, low efficiency, and difficulties in on-site monitoring associated with manual tray lifting
machines. A remote operational monitoring system for fully automated rigid tray lifting machines based on
wireless communication technology was designed and implemented. The system adopts a Browser/Server
(B/S) architecture to establish a cloud-based monitoring platform, including the design of a front-end data
visualization interface, the development of back-end data processing and storage solutions, and the definition
of the monitoring data structure. The platform integrates functions such as chuck alarm monitoring, rice
seedling tray counting, and motor status monitoring. It relies on Programmable Logic Controller (PLC) and
Data Transfer Unit (DTU) modules to achieve real-time collection and transmission of operational information.
Field experiments conducted in three seedling nurseries in Heilongjiang Province, China, showed that the
communication data reception rate consistently exceeded 94.87%, reaching a maximum of 100%. The
reception probability of chuck alarm information reached 100%, with an average response time of
approximately 0.21 s. The system operated stably without causing damage to the rice seedling trays. The
results indicate that the proposed system demonstrates excellent stability and real-time performance in
agricultural production environments, providing effective technical support for the promotion and application of
intelligent rice seedling cultivation equipment.
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INTRODUCTION

Currently, China's rice cultivation area has exceeded 4.34 million mu, with an annual output of
approximately 2.07 million tons (Cui et al., 2017). Some regions in China have begun using the stacked tray
darkroom technique to cultivate rice seedlings (Han, 2024). Compared to traditional rice seedling cultivation
methods, this technology can reduce seed usage by 10% to 15% and advance seedling emergence by 5 to 7
days (Jia, 2021). Manual transplanting during the rice seedling tray lifting phase involves high labor costs,
requires a large workforce, and is physically demanding (Xie et al., 2025; Li et al., 2023). To address this, Yi
et al., (2023) designed a fully automated rigid tray lifting machines for rice seedlings, gradually mechanizing
and automating the process of lifting rice seedling trays. However, the temperature and humidity in darkroom
rice seedling—raising greenhouses are typically high, and ventilation conditions are poor (Luo et al., 2025).
Under such conditions, on-site monitoring of the operating status of rice rigid tray lifting machines becomes
difficult.

422



Vol. 78, No. 1 / 2026 INMATEH - Agricultural Engineering

Therefore, implementing remote wireless monitoring of machine operating conditions using wireless
communication technology has become an urgent problem that needs to be addressed.

In the field of agricultural wireless communication research, developed countries such as Europe and
the United States predominantly utilize various wireless communication technologies including ZigBee, LoRa,
or NB-loT (Klaina et al., 2021; Pechlivani et al., 2023; Sonavane et al., 2024). These technologies have been
widely applied in agricultural monitoring scenarios such as large-scale farm monitoring, tractor condition
monitoring, and greenhouse environmental monitoring (Aliyagoda et al., 2023; Eskandari et al., 2024; Shahab
et al., 2024; Reddy et al., 2024).

In recent years, Chinese scholars have also applied wireless communication technology in agricultural
research. Cui et al., (2017), designed a wireless monitoring system for seedling quality in direct-seeded rice
transplanters based on ZigBee technology. By uploading data through router nodes, the system enables multi-
point, real-time monitoring of seedling quality. Zhang et al., (2023), proposed a decentralized computing
resource service system based on blockchain technology. After conducting performance tests on the remote
monitoring system and collecting extensive real-time video footage of agricultural machinery operations, he
performed a video query on the operational status of a specific piece of farm equipment. Zhang et al., (2024),
conducted an analysis of the identification and processing module for wireless communication signals, which
offers valuable insights for enhancing communication quality and efficiency in smart agricultural machinery
equipment. Li et al., (2022), designed an intelligent agricultural management system that communicates via
5G network technology. The system compares data information with knowledge databases to trigger alerts,
ensuring environmental conditions within the managed area remain stable. Jia et al., (2021), analyzed and
summarized the issues with remote control technologies currently used in agriculture, identifying problems and
solutions within communication technologies such as ZigBee, WiFi, LoRa, NB-loT, and 5G. Liu et al., (2022),
investigated the propagation characteristics of 2.4 GHz Wi-Fi signals in traditional apple orchards. He
established a model conforming to logarithmic path loss for each wireless communication node height and
each typical multi-robot formation pattern.

This paper focuses on reducing labour intensity and enhancing the mechanization and automation of
rice seedling cultivation. Based on the structure and operational process of fully automatic rice tray lifting
machines, the paper designs a remote condition monitoring system for such machines utilizing wireless
communication technology. The system collects operational data from the tray lifting machines via wireless
communication modules and transmits this information to a remote monitoring terminal. This enables remote
condition monitoring of the fully automatic hard disk rice tray lifting machines, including monitoring of the rice
seedling tray chuck and tracking of the number of rice seedling trays.

MATERIALS AND METHODS
Overall structure of the rice seedling tray lifting machine

The fully automatic rice tray lifting machine mainly consists of a PLC control system, a hobbing-type
shovel tray lifting mechanism, a horizontal tray transfer mechanism, and a vertical tray lifting mechanism. The
structural configuration of the machine is illustrated in Figure 1, and the main technical parameters are listed
in Table 1.
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Fig. 1 — Structural diagram of the fully automatic rice seedling tray lifting machine
1.Walking mechanism; 2.Rice seedling tray; 3.Horizontal tray transfer mechanism; 4.PLC control system; 5.Vertical tray lifting
mechanism; 6.Rice seedling frame; 7.Rice seedling tray collection area; 8. Tine-tilting hobbing-type shovel tray lifting mechanism
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Table 1
Main technical parameters
Parameter Number
Machine size / (length x width x height) / [mmxmmxmm] 4000%x2100x950
Working width / [mm] 3000
Overall machine quality / [kg] 350
Number of cycles in operation / [row] 5
Seedling tray size / (length x width x height) / [mmxmmxmm] 600%300%30

Working principle of the rice seedling tray lifting machine

The tray lifting machine operates in three modes: automatic mode, manual mode, and reset mode. Prior
to operation, the running track must be assembled according to the width of the machine, and the height of the
tray lifting blade should be adjusted based on the height of the rigid rice seedling trays. After completing these
preparations, the PLC control system is activated. The reset knob is then switched to reset mode, initiating the
vertical tray lifting mechanism and the horizontal tray transfer mechanism to complete their reset cycles. This
procedure ensures stable operation of the machine in automatic mode.

During the tray-lifting phase, the PLC control system activates the DC geared motors of the walking
mechanism and the hobbing-type shovel tray-lifting mechanism, driving the machine forward along the track.
The lifting shovel is characterized by an angle of 22°, which has been engineered to facilitate the removal of
rigid rice seedling trays from the seedbed. Concurrently, the rigid trays are conveyed longitudinally via the
toothed conveyor to the lateral tray transfer mechanism. Upon contact with the photoelectric switch, the lateral
transfer mechanism is known to undergo a reset to a horizontal position parallel to the ground. The vertical
tray lifting mechanism, under the control of the system, adjusts the height of the horizontal tray transfer
mechanism to match the pre-set column height of the rice seedling trays. Subsequently, the rice seedling trays
are conveyed into the rice seedling frame within the collection area for rice seedling trays by means of
horizontal push rods and transport rollers. The tray lifter is capable of simultaneously handling 5 rice seedling
trays, with each rice seedling frame having a capacity of 5 trays. The overall process is orchestrated by
adjusting the vertical tray lifting mechanism to transfer all trays from the horizontal tray transfer mechanism
into the rice seedling frames. The schematic diagram of the working process of the fully automatic rice seedling
tray lifting machine is shown in Figure 2.
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Fig. 2 — Working process of the rice seedling tray lifting machine

Overall system architecture

The architecture of the system under discussion comprises three components: the power supply module,
the data acquisition terminal, and the remote monitoring terminal. The data acquisition terminal is controlled
by a Siemens S7-200 PLC, which in turn controls a variety of hardware devices.

These include the electric step motor, the hobbing-type shovel-type tray lifting motor, the horizontal tray
transfer motor, the vertical lift tray motor, the photoelectric switch, and the speed sensor. The control system
interfaces with the DTU via RS485 for the purpose of monitoring data transmission, and interacts with the
touchscreen for local operation. The power supply module is responsible for the provision of electricity to the
entire data acquisition end. The transmission of data is facilitated wirelessly through the DTU and the wireless
transmission module.
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The remote monitoring platform is designed to receive data via the wireless reception module, process
it through the server, and display it on the human-machine interface for real-time remote monitoring and
management. This facilitates efficient monitoring and control of all hardware devices. The schematic diagram
of the overall system architecture is shown in Figure 3.
Remote Monitoring Platform

Human—computer Cloud platform |<essss Cloud server |«umm— ere.less
interface receiver

Data acquisition terminal

Hardware equipment

Wireless
Stepper motor transmission
Hobbing-type shovel tray Control ‘
lifting motor System
- RS485
Horizontal tray transfer — DTU

motor —)

Vertical tray lifting motor

Siemens S7-200
PLC

Photoelectric switch

<P Touchscreen

Speed Sensor

4

Power Module
Fig. 3 — Architecture of the wireless remote monitoring system for the rice seedling tray lifting machine

System hardware design
(1) Hardware selection

For the hardware configuration of the tray lifting machine, the PLC used is a Siemens S7-200 CN
CPU226, and the touchscreen is a Weintek TK607iP. The walking mechanism is driven by a Unatec MY1016Z-
250W motor, while the hobbing-type shovel tray lifting mechanism uses a Zhengfangyu ZFY60-107 motor. The
horizontal tray transfer mechanism employs a Yongheng ZYT-104S 300 W motor, and the vertical tray lifting
mechanism uses a Yongheng ZYT-90S 500 W motor. The photoelectric switch sensor is LJ18A3-8-Z/BX, and
the wireless transmission device is a Youren USR-G780 V2 4G DTU.

The hardware connection diagram of the fully automatic rice seedling tray lifting machine is shown in
Figure 4.

Switching
Power

S§7-200 PLC

Touchscreen
// /
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Fig. 4 — Hardware connection diagram
(2) System circuit design

It is evident that, in consideration of the aforementioned hardware selection, the schematic of the PLC
circuit was formulated through the utilization of the AutoCAD software.
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The fully automated rice tray lifting machine system employs a Siemens S7-200 CPU226 CN PLC as
its core, utilizing a modular layout to enable coordinated control of multiple devices. With regard to the power
supply, the system utilizes a 24V DC battery with overvoltage protection and filtering circuits. The input ports
are connected to a variety of devices, including photoelectric switches, rotary switches, and wireless remote
control devices. The output ports interface with four motors and their corresponding relays. The communication
ports comprise PORTO, which is connected to a Weinview Co., Ltd touchscreen, and PORT1, which is
connected to a DTU data acquisition module. The system circuit diagram is shown in Figure 5.
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Fig. 5 — System circuit diagram

System software design
(1) Chuck alarm design

The fully automatic rice seedling tray lifting machines incorporate a tooth-pulling design in their tray
lifting machines to reduce friction between the trays and the hobbing-type shovel tray lifting mechanism.
However, the tray lifting machines have a capacity of 5 trays per row, with each tray measuring 60 cm in width.
The width between the shovel tips at both ends of the hobbing-type shovel tray lifting mechanism is 280
centimeters. The total width of five rice seedling trays differs from that of the hobbing-type shovel tray lifting
mechanism. In addition, variations in the force application points for each rice seedling tray during gear-driven
transport, as well as factors such as soil adhesion to the bottoms of the trays or wear caused by ageing, may
lead to uneven movement speeds of the rice seedling trays. This may lead to malfunctions during rice seedling
tray lifting operations. Therefore, an alarm mechanism is required to alert operators when such issues occur.
The mechanism is integrated into the tray lifting machine to monitor and report abnormal operating conditions.

In the configuration of the chuck alarm design, the tray-lifting mechanisms initiate in automatic mode. A
photoelectric switch has been incorporated into the lateral aspect of the hobbing-type shovel tray lifting
mechanism, with the purpose of detecting the entry of the rice seedling tray into the device. Upon detection of
the tray's entry by the photoelectric switch, the PLC internal timer initiates timing of the lifting mechanism. The
hobbing-type shovel-type tray-lifting motor is rotated forward, thereby conveying the rice seedling tray to the
horizontal tray transfer mechanism. This process continues until the rice seedling tray makes contact with the
rice seedling tray detection photoelectric switch on the horizontal tray transfer mechanism. The process is
capable of being completed within 3.4 s without the occurrence of jamming. The configuration of the PLC
internal timer to a duration of 4 s is a factor that can be attributed to external factors, including the resistance
exhibited by subsequent rice seedling trays and prevailing environmental conditions.
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If the photoelectric switch used for rice seedling tray detection on the horizontal tray transfer mechanism
fails to detect a tray within 4 s, it indicates that a jam has occurred in the hobbing-type shovel tray lifting
mechanism. In the event of a jam, all machine motors are stopped, and the PLC sends a jam signal to the
DTU. The DTU then transmits this signal to the operator's monitoring terminal, where the alarm indicator on
the monitoring interface flashes to notify the operator of the jam. The configuration of the chuck alarm system

is illustrated in Figure 6.

Hobbing-type tray lifting
motor and stepper motor
rotate forward

Has the photoelectric switch
Detected that a rice seedling tray has entered the
tray lifting mechanism?

Start timer

Does the rice seedling tray trigger
the proximity switch of the horizontal tray
transfer mechanism within 4 s?

Stop motors

'

DTU sends alarm
signal; monitoring
Complete initial terminal alarm
setup indicator flashes

End

Fig. 6 — Flowchart of the jam detection and alarm control logic for the rice seedling tray lifting machine

(2) Status transmission design for the tray lifting machine

The operating status of the tray lifting machine is primarily determined by the states of four motors: the
electric stepper motor, the hobbing-type shovel tray lifting motor, the horizontal tray transfer motor, and the
vertical tray lifting motor. The operational state of each motor can be classified as forward rotation, reverse
rotation, or stopped. Based on the operating principle of the tray lifting machine and the typical working
conditions, a total of 12 different states need to be monitored. In the PLC program, the motor numbers requiring
transmission and their corresponding operating states are defined using numerical codes. Specifically, the
forward rotation, reverse rotation, and stop states are assigned the values 1, 2, and 0, respectively.
Furthermore, the motors are assigned identification numbers in the PLC program: 1 — electric stepper motor;
2 — hobbing-type shovel tray lifting motor; 3 — horizontal tray transfer motor; and 4 — vertical tray lifting motor.

The detailed state definitions are presented in Table 2.
Table 2

Transmission Status Definition

Parameter Assigned value

Electric stepper motor 1
Hobbing-type shovel tray lifting motor
Vertical tray lifting motor
Horizontal tray transfer motor
Motor forward rotation
Motor reverse rotation
Motor stopped

ON =~ P> ON
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The PLC then transmits the defined status values to the DTU through the free communication port.
When the machine enters any of the predefined operating states, the PLC sends the corresponding coded
value to the DTU. The DTU subsequently transmits the received data in JSON format to the monitoring platform.
Through the cloud service platform, users can view the real-time operating status of the fully automatic rice
rigid tray lifting machine, thereby enabling improved monitoring of its operating conditions. The design flow of
the status transmission for the tray lifting machine is shown in Figure 7.

v v v v

Hobbing-type tray Horizontal tray . e
Stepper motor lifting motor transfer motor Vertical tray lifting
motor operation

operation . .
operation operation

| | | |
v

PLC sends motor
ID and current
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current motor status

v
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motor ID and
current motor status

v

Platform display

End

Fig. 7 — Flowchart of the status transmission process for the tray lifting machine

(3) Design of rice seedling tray quantity monitoring

Monitoring the number of rice seedling trays lifted enables the evaluation of the operating efficiency of
the tray lifting machine. In this design, a photoelectric switch is installed on the rice seedling frame side of the
horizontal tray transfer mechanism to detect the number of trays lifted. When the machine operates in
automatic mode, the trays first enter the horizontal tray transfer mechanism and are then transported by the
vertical tray lifting mechanism to the upper layer of the rice seedling frame. Subsequently, the push rod of the
horizontal tray transfer mechanism pushes the rice seedling trays into the frame. Each time a tray is pushed,
the photoelectric switch detects the arrival of the push rod, causing the indicator light of the switch to turn on
and the push rod movement to stop momentarily. Since the tray lifting machine can lift 5 rice seedling trays per
cycle, the sensor is triggered five times during one lifting cycle, confirming that five trays have been lifted. The
total number of lifted trays is recorded until the machine stops operating.

In the PLC program, when the photoelectric switch for rice seedling tray detection is triggered, a signal
is generated and transmitted to the DTU, where the signal is assigned a value of 1. The monitoring platform
database counts the number of signals transmitted by the DTU, and the accumulated value represents the
total number of rice seedling trays lifted during a single operating cycle of the fully automatic rice seedling tray
lifting machine. The monitoring process for tray lifting quantity is illustrated in Figure 8.
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Fig. 8 — Flowchart of the rice seedling tray quantity monitoring process

Overall platform architecture design

The cloud-based service platform designed for the fully automatic rigid rice seedling tray lifting machine
adopts a Browser/Server (B/S) architecture implemented through a front-end and back-end separation model.
The B/S architecture consists of three main layers: the server layer, which is responsible for centralized system
updates and business logic processing; the database layer, which stores the collected data; and the client
layer, where the monitoring information is displayed to users through a customized browser interface.

The platform adopts a front-end and back-end separation architecture, with complete functional
decoupling between the two components. Secure data exchange between the browser and server is
implemented through the HTTP protocol. The front end is developed using the React framework and the Ant
Design component library to handle user interface rendering and interaction logic. Data communication
between the front end and back end is implemented using the Axios framework together with WebSocket real-
time communication channels, with data formatted in JavaScript Object Notation (JSON) to support dynamic
updates. The back end is developed using the Python Flask framework to build a microservice-based
architecture and is integrated with a MySQL database for data storage and management. This architecture
provides reliable data processing and system scalability.

When a user accesses the platform page, the front end first sends a request to the Nginx reverse proxy
server. The proxy server retrieves static resources—including HTML, CSS, and JavaScript files—from the
Object Storage Service (OSS) server. Based on the requested URL path, the system then forwards an API
request to the Flask application server cluster. The Flask server executes the corresponding business logic,
retrieves data from the MySQL database according to the request requirements, and finally returns the
processed results to the front end in JSON format via the HTTP protocol. The overall architecture of the
monitoring platform is shown in Figure 9.

Access PC version Mobile devices
Layer
Front- Alibaba i
[t [ [ ] [ ]| [ wor | [ o
lntizi}z;on Nginx WebSocket Axios ’ GET request ‘ ’ POST request
Flask Application Process Request Business Data
Backend . .
Cluster Management Processing Services Management
Storage MyS
ySQL
Layer database Core Data Storage Cache

Fig. 9 — Overall architecture of the cloud-based monitoring platform
for the rice seedling tray lifting machine
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Database design

The cloud-based service platform for the fully automatic tray lifting machine uses a MySQL database to
store monitoring data. According to the platform functional requirements and the fundamental principles of
database design, the database consists of several tables used to store different types of monitoring information.
These include equipment basic information, chuck alarm records, rice seedling tray quantity records, and motor
status records.
(1) Equipment basic information

The Equipment Basic Information Table is the primary table used to store operational data during the
device initialization stage after power-up. The stored information includes parameters such as power status,
operating mode status, data acquisition time, and mode update time. The tray lifting machine and the DTU
share a common power supply. After the system is powered on, the DTU sends JSON-formatted data packets
to the monitoring platform. The platform parses the received JSON data and displays the current initialization
status of the device. The main fields of the equipment basic information table are listed in Table 3.

Table 3
Equipment Basic Field Information Table
Field name Data Type Description
deNo varchar Unique device identifier
deviec_status tinyint Device power-on status
mode tinyint Operating mode status
collect_time datetime Data collection time
update_time datetime Last update time
mode_update_time datetime Mode update time
tenant_key varchar Tenant identifier

(2) Chuck alarm information

The chuck alarm information table is used to record abnormal operating conditions during rice seedling
tray lifting. When a tray jam occurs, the internal timer of the PLC triggers the transmission of a JSON-formatted
data packet to the monitoring platform through the DTU. The platform identifies and parses the received data
according to the predefined field names. The chuck alarm data packet has the following format:
{“*deNo”:*M01”,“alerts”:“1”}. The field definitions for the chuck alarm records are listed in Table 4.

Table 4
Equipment Basic Field Information Table
Field name Data Type Description
deNo varchar Unique device identifier
alerts tinyint Alarm status (1 = chuck alarm)
collect_time datetime Alarm occurrence time
tenant_key varchar Tenant identifier

(3) Number of rice seedling trays collection information

The rice seedling tray quantity collection table is used to record signals triggered by the photoelectric
switch during the monitoring of tray lifting quantity. Each time the pusher inserts a rice seedling tray into the
rice seedling frame, the photoelectric switch is triggered once. When this occurs, the PLC sends a JSON-
formatted data packet to the monitoring platform via the DTU. The data packet has the following format:
{*deNo”:*M01”,“number”:“1”}. The field definitions for the tray quantity collection records are listed in Table 5.

Table 5
Number of Rice Seedling Trays Collection Field Information Table
Field name Data type Description
deNo varchar Unique device identifier
number tinvint Tray count event (value = 1 for

Y each detected tray)
collect_time datetime Data collection time
tenant_key varchar Tenant identifier
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(4) Motor status acquisition information

The Motor Status Acquisition Table is used to record the operating status of the four motors in the tray
lifting machine. During operation, each motor performs its corresponding action according to the system control
logic. The PLC transmits the operating status of each motor to the monitoring platform through the DTU. The
motor identification numbers and their corresponding status codes are defined in Table 2. For example, when
the electric stepper motor rotates forward, the PLC sends the following JSON-formatted data packet to the
platform: {*deNo”:“M01”,“meNo”":“1”“status”:1}. The field definitions for the motor status acquisition records are
listed in Table 6.

Table 6
Motor Status Acquisition Field Information Table

Field name Data Type Description

deNo varchar Unique device identifier

status tinyint Motor operating status

meNo tinyint Motor number
collect_time datetime Data collection time
tenant_key varchar Tenant identifier

RESULTS
Shortest data transmission interval test and results

Under field operating conditions, the minimum time interval between two consecutive state triggers of
the tray lifting machine is approximately 0.9 s. To verify whether the DTU can reliably transmit machine status
data within this time constraint, a data transmission test was conducted to evaluate the DTU’s ability to receive
complete data at different transmission intervals.

In the test, the longest data packet transmitted by the PLC was used as the test sample. The PLC
transmitted the forward rotation status of the electric stepper motor of the tray lifting machine in JSON format,
with a total data length of 36 bytes. ADTU serial debugging tool was used to monitor and count the transmitted
data packets. During the test, data packets were transmitted continuously for 30 s. The transmission interval
of the PLC was varied to compare the theoretical number of transmitted bytes with the actual number of
received bytes by the DTU. Additionally, it was verified that the received data did not contain garbled characters.
The test results are presented in Table 7.

Table 7
Data Transmission Test Results
Transmission Ex A | rr Byte success
iitesrvaTs[s? brﬁztsed receivcet:iJ abytes Cobyltj(':;ed Effective bytes yrate [%]
0.1 10800 5196 4818 378 3.50
0.2 5400 2963 2163 800 14.81
0.3 3600 2657 1275 1382 38.39
0.4 2700 2465 354 2111 78.19
0.5 2160 1994 26 1968 91.11
0.6 1800 1800 0 1800 100
0.8 1350 1350 0 1350 100
1.0 1080 1080 0 1080 100

The experimental results indicate that when the PLC transmission interval exceeds 0.6 s, the DTU
achieves 100% data integrity. As the transmission interval decreases, data integrity declines significantly,
reaching only 3.50% at an interval of 0.1 s. Therefore, to ensure reliable communication, a transmission interval
greater than 0.6 s is recommended. These results demonstrate that the hardware system can reliably support
the transmission of all operational status data of the tray lifting machine.

Chuck alarm test and results

To verify the feasibility and accuracy of the chuck alarm function of the tray lifting machine, a simulated
rice seedling tray jam test was conducted in a seedling greenhouse.
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A total of 15 test trials were performed under different simulated jam conditions, including tray
misalignment at different positions, soil adhesion on the tray bottoms, and simultaneous blockage of multiple
trays. These conditions were designed to replicate possible failure scenarios encountered in actual production.

During the test, the tray lifting machine was operated in automatic mode. When the photoelectric switch
located on the side of the hobbing-type shovel tray lifting mechanism was triggered, the PLC internal timer
started counting. If the jam condition persisted for 4 s, the system identified it as a tray jam. Once a jam was
detected, all motors were immediately stopped, and the PLC transmitted a chuck alarm signal to the monitoring
platform via the DTU. The reception results of the chuck alarm signals are shown in Figure 10.
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Fig. 10 — Chuck alarm reception test

The experimental results show that, due to wireless communication latency, the average alarm response
time of the monitoring platform was approximately 0.21 s. The reception rate of the chuck alarm signals
reached 100%, indicating reliable alarm transmission. Minor fluctuations in response time were mainly caused
by wireless transmission delays in the greenhouse environment, where high temperature and humidity can
increase signal attenuation. However, all delays remained within acceptable limits, and no damage to the rice
seedling trays or mechanical wear was observed during the tests. These results confirm that the chuck alarm
function of the tray lifting machine meets the system design requirements.

Communication reliability testing and results

The communication equipment and system were tested for reliability at three locations: 859 Farm in
Raohe County, Heilongjiang Province; Qixing Farm in Jiamusi City, Heilongjiang Province; and Heilongjiang
Bayi Agricultural University in Daqing City, Heilongjiang Province.

i ; T | RS

3 i ¢ ~
‘ § l'.{h*&i’w)
K7 g

T

Fig. 11 — Communication reliability test of the tray lifting machine
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The monitoring platform server was located at Heilongjiang Bayi Agricultural University, with distances
of approximately 300 km, 220 km, and 1 km from the three respective test sites. At each test site, the operating
tracks and rice seedling trays were arranged in advance. The fully automatic rice seedling tray lifting machine
was then used to lift 50 seedling trays under normal operating conditions. During the experiment, the
monitoring platform was used to observe the transmission status of the system in real time. The communication
reliability test results are presented in Table 6.

Table 6
Communication Reliability Test Results

Successful reception

Test Location Theoretical Packet Actual Packets rate
Count [Number] Received [Number] bos
0
Ba\.NUJlu"Farm, Ra.ohe County, 195 185 e
Heilongjiang Province
Ql)fmg Iiarm, Jlamu3| City, 195 186 .
Heilongjiang Province
Heilongjiang Bayi Agricultural 195 105 00

University

The test results indicate that the communication equipment and system achieved a 100% successful
reception rate at Heilongjiang Bayi Agricultural University. However, due to the longer transmission distances
and weaker signal strength at the farm test sites, slight signal fluctuations were observed during the
experiments. The successful reception rate was 96.92% at Qixing Farm and 94.87% at 859 Farm. Despite
these variations, all three test locations demonstrated high communication reliability, meeting the requirements
for practical applications in agricultural environments. Furthermore, the monitoring platform operated without
delays or other abnormalities, ensuring accurate and stable system performance.

CONCLUSIONS

1) A remote operational monitoring platform based on PLC, 4G DTU, and cloud—edge collaboration was
developed. The platform enables real-time acquisition of operational data from tray lifting machines in the field,
reducing the need for manual inspection and improving information response efficiency.

2) The monitoring system provides a multi-dimensional monitoring scheme for key stages of tray lifting
machine operation, including chuck alarm monitoring, rice seedling tray quantity statistics, and equipment
operating status monitoring. This approach enables accurate identification of operational states and
establishes a closed-loop system for data collection and processing, ensuring the continuity and controllability
of rice seedling cultivation operations while providing a data basis for operational scheduling and efficiency
analysis.

3) Experiments were conducted to evaluate the minimum transmission interval, chuck alarm response
performance, and communication reliability under multiple scenarios. The results show that when the
transmission interval exceeds 0.6 s, the system achieves 100% data integrity. The average chuck alarm
response time was 0.21 s, with a 100% alarm reception rate, while the communication success rate across
different test sites remained above 94.87%. These results demonstrate that the proposed system exhibits high
reliability and real-time performance, meeting the requirements for remote monitoring in agricultural production
environments.
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