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ABSTRACT

Electric tractors (ETs) with mounted implements form operating units. There are significant differences in
parameters such as shape, firmness, and moisture content of the soil in contact with the tractor and
implements when working in complex terrains such as field stubble, waterlogged silt, and loose/firm ter-
rain. These differentiated dynamics prevent cooperation between ETs and operating implements under
independent control, resulting in poor quality operations and low energy efficiency. We propose a control
mechanism for ETs and implements to achieve full life cycle management of collaborative control tasks,
instantaneous intertask interaction, and a multitask synchronization mechanism. To address the internal
redundant communication problems caused by traditional distributed microcontrol units, we break
through the underlying technology of unit data processing and interaction and develop an integrated
high-performance controller structure with high processing capacity and high- and low-speed commu-
nication interfaces. On the basis of hierarchical stepwise control theory, a hierarchical real-time operating
system is designed. This system realizes a preemptive kernel response of computational tasks and
competitive—collaborative synchronization among tasks; overcomes the low-latency response of collab-
orative control tasks, instantaneous information interaction, and multitask synchronization problems;
and provides system-level support for deep collaborative operation control of units. To demonstrate
and validate the proposed collaborative control mechanism, a plowing collaborative operation manage-
ment strategy is designed and deployed. The experimental results show that the communication delay of
collaborative tasks is as low as 83 ps, the solution time of complex collaborative equations is as low as
46 ms, the mechanical efficiency of the ET is increased by 9.07%, the efficiency of the drive motor is
increased by 9.72%, the stability of the operation speed is increased by 106.25%, and the stability of
the plowing depth reaches 94.98%. Our work meets the hardware and software requirements for realizing
complex collaborative control of ET units and improves the operational quality and operational energy
efficiency in real vehicle demonstrations.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The environmental impact of emissions from agricultural pro-
duction, where the main source of power is the internal combus-
tion engine, is already significant globally [1]. The depletion of
fossil energy sources and inefficient energy use also pose chal-
lenges to the development of fuel-powered agricultural machinery
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[2,3]. Tractors, as the core power machinery in the agricultural
field, are being subjected to increased restrictions on pollutant
emissions from tractors in various regions and countries of the
world (e.g., the European Union, the United States, and China)
[4-6]. In this context, the zero-emission, high-efficiency new
energy tractor represented by the electric tractor (ET) has great
potential for application.

ETs form operation units by mounting different implements to
complete a variety of agricultural production operations, including
plowing, seeding, spraying, harvesting, and transportation [7]. The
units have different forms of interaction and interaction purposes
between the ET and operating implements and the ground soil
and crops, respectively, in the actual field operation process. Espe-
cially when operating in complex terrains such as field stubble,
waterlogged silt, and loose/firm terrain, there are significant differ-
ences in the load characteristics of the tractor and implements, as
well as in the physical and chemical parameters of the soil con-
tacted, such as shape, firmness, and moisture content [8]. These
complex and differentiated dynamics prevent the ET and the oper-
ating implement under independent control from forming good
cooperation [9], which in turn leads to poor operational quality
and low operational energy efficiency.

Therefore, exploring the synergistic mechanism and ultimately
realizing the synergistic control of ETs and operating implements is
an effective way to improve the quality and efficiency of opera-
tions. Many studies have been initially conducted to explore this
topic. Zhang et al. [10] proposed a joint control method for tractor
power take off (PTO) and drive systems based on the Markov chain,
which improved energy utilization and trajectory tracking accu-
racy under rotary plowing operations. Zhang et al. [11] developed
a load transfer model for an ET operating unit to jointly regulate
the position of the battery pack and the plowing depth, which
ensured the quality of the operation and improved the operating
efficiency by 3.7%. Luo et al. [12] used a genetic algorithm to solve
the optimal pressure value of electrohydraulic suspension hydrau-
lic cylinders of an ET to adjust the load of front and rear axles,
which resulted in a 9.27% reduction in slip rotation and a 3.13%
increase in machine efficiency without adjusting the plowing
depth (the quality of the plowing reached 100%). Liu et al. [13]
established an energy management optimization strategy for a fuel
cell ET that improved the residual state of charge (SOC) by 11.22%
and 6.1% under plowing and transporting conditions, respectively.
To improve tractor seeding quality and energy economy, an inte-
grated control strategy for the seeder motor and tractor gearshift
is proposed on the basis of the unit operation model, which
achieves a seeding error of less than 3% and improves the energy
economy of the tractor [14]. These studies preliminarily verified
the actual effect of tractor joint control with operating implements
under different conditions. The joint regulation of two or three
controlled subsystems is realized, that is, on the basis of maintain-
ing the original control strategy of each subsystem, these subsys-
tems are united mainly by the method of designing rules. These
studies provide technical references for the deep collaborative con-
trol of operating units.

However, to realize intelligent and collaborative operation con-
trol of the ET unit, the various hardware systems of the operation
unit must first have instant information interaction and data pro-
cessing underlying technology, and the low-latency communica-
tion mechanism is the important foundation for collaborative
tractors and operation implements [15]. Second, the real-time
solution and dynamic management of collaborative control tasks
(strategies) are essential for realizing efficient and deep collabora-
tion [16,17]. The control methods require the subsystems to
achieve the control goals in competition and cooperation through
complex nonlinear optimization, multisystem reinforcement
learning, and other techniques on the basis of the dynamics of
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the whole machine and the dynamics of their respective small sys-
tems and with the idea of multi-intelligence body game theory.
The current ET unit is still mainly used in traditional microcontrol
units and programmable logic controller (PLC)-based controllers
[18,19], whose computational performance and interface expand-
ability are weak. They can only perform a single control task in ser-
ies but cannot support parallel collaborative control [20]. Few
researchers have combined Raspberry Pi, industrial computers,
and data conditioning/transmission modules to form a distributed
control system to obtain higher computational performance [21-
23]. The method of adding an edge computer retains the original
control system and realizes auxiliary functions such as data stor-
age, network communication, and nonreal-time computation.
However, it is impractical for edge computers to meet the needs
of instant communication, parallel execution, and highly real-
time computation required for cooperative control scenarios of
tractors and operating implements. This temporary combination
of controllers has redundant and complex communication mecha-
nisms, low overall robustness, and is difficult to standardize. It also
cannot be adapted to specialized operating systems, which in turn
prevents efficient scheduling and management of collaborative
control tasks. The design of scheduling strategies for collaborative
tasks is the fundamental guarantee for real-time task execution
[24]. The traditional construction of callback chains on the basis
of data dependencies can realize the temporal scheduling of paral-
lel tasks. Nevertheless, this approach ignores tasks’ priorities and
makes it difficult to ensure high real-time performance [25].
Implementing dynamic call ordering for parallel tasks by consider-
ing task priorities and computational resources in the callback
chain can improve scheduling latency performance and increase
the real-time performance of parallel tasks [26].

In summary, this paper discards the traditional distributed
control architecture, proposes a control mechanism for ETs
and implements to achieve full life cycle management of col-
laborative control tasks, instantaneous intertask interaction,
and multitask synchronization mechanisms. This enables the
tractor and implement status information to be streamed into
the same controller and managed centrally by the controller’s
system. On the basis of this mechanism, a plowing collabora-
tive operation management strategy is proposed for demon-
stration. The main contributions of this work can be
summarized as follows:

(1) To address the internal redundant communication problems
caused by traditional distributed microcontrol units, we break
through the underlying technology of unit data processing and
interaction and develop an integrated high-performance controller
structure with high processing capacity and high- and low-speed
communication interfaces.

(2) On the basis of hierarchical stepwise control theory, a hier-
archical real-time operating system (ET operating system, ETOS) is
designed. It realizes a preemptive kernel response of computa-
tional tasks and competitive-collaborative synchronization among
tasks; overcomes the low-latency response of collaborative control
tasks, instantaneous information interaction, and multitask syn-
chronization problems; and provides system-level support for
deep collaborative operation control of units.

(3) To demonstrate and validate the proposed collaborative
control mechanism, to improve the operation quality and reduce
the operation energy consumption, a plowing collaborative opera-
tion management strategy is designed and deployed to realize the
collaborative control of the drive motor and plowing depth of the
ET.

(4) The research in this paper meets the hardware and software
requirements for realizing complex collaborative control of ET
units and improves the operational quality and operational energy
efficiency in real vehicle demonstrations.
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The remainder of this paper is organized as follows: Section 2
describes the architecture of the synergy mechanism, the design
of the high-performance controller and ETOS, and the principles
of the plowing collaborative operations management strategy
(COMS). Section 3 presents the results of the performance tests
of the proposed collaborative control mechanism and the experi-
mental results of deploying the COMS. Section 4 summarizes the
main contents and application perspectives of this study.

2. Materials and methods
2.1. Architecture

The architecture of the proposed ET unit operation control
mechanism, which consists of a high real-time PLC, a high-
performance controller, an ETOS, and a cloud server, is shown in
Fig. 1. With high real-time requirements for precise control of
ETs and operating implements, the high real-time PLC with an inte-
grated low-speed communication interface communicates directly
with the ET sensor system and actuator system and sends control
output signals. Intelligent control algorithms are usually highly
complex and consume much arithmetic power. We have developed
a high-performance controller for solving complex algorithms and
realizing high-speed, high-bandwidth communications, which
obtains ET status data from a high real-time PLC via a controller
area network (CAN) bus and then sends back the solved control
commands. Simultaneously, the high-performance controller is
also responsible for displaying the human-computer interaction
interface and communicating with data-intensive sensors or
devices such as a gyroscope attitude sensor, real-time kinematic
localization, and Doppler ground speed radar through a variety of
interfaces such as serial, Ethernet, and high-speed input/output
(I0). In addition, it uploads the ET status data to the cloud server
via the data transfer module. To achieve preemptive kernel-like
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response and multitask dynamic management of computational
tasks, the ability to execute multiple tasks in parallel and canonical
control algorithm programming, on the basis of the theory of hier-
archical recursive control, we developed an ETOS consisting of a
real-time system layer, basic functional libraries layer, task man-
agement layer, and control tasks layer. The bottom layer, the
real-time system layer, is used to ensure the real-time perfor-
mance of the operating system. The topmost control tasks layer
defines multiple parallel tasks precisely, such as the collaborative
operations management task and its companion self-steering task
used for the demonstration.

Specifically, the cloud server is responsible for remote monitor-
ing, fault diagnosis, operational statistics, over-the-air upgrades,
remote database logging, and other customized functions for the
entire ET operation. In the high real-time PLC, the high-voltage sys-
tem control section automates high-voltage systems such as the
high-voltage power-up and power-down processes of the ET,
high-voltage interlocks, and so on. The ET status acquisition part
is responsible for obtaining the status data of the battery, operat-
ing, and drive system from the ET status sensors in real time, and
the basic control logic part is responsible for controlling the essen-
tial functions of the ET, such as drive, steering, differential, lighting,
brake, and hydraulic functions. The fault monitoring part is respon-
sible for the abnormal monitoring of the operating status of the ET
hardware system, and the communications part is responsible for
communicating with the ET hardware system and the high-
performance controller.

The high-performance controller and ETOS developed in this
paper constitute the core of the ET unit operation control mecha-
nism. The following section focuses on them. For its demonstration
application, we propose a COMS, which relies on our previous
research on self-steering [27].

Additionally, the control architecture based on instant informa-
tion interaction and collaborative task management mechanisms

Legend
Cloud server
l:> Data bus direction
@ Remote Fault Operational Over- Remote Other Lodi T
‘ ogical direction
% monitoring  diagnosis  statistics the-air database functions 9 . o
—3 Data signal direction
—— Master-slave relation
High-performance controller
ETOS (self-innovate) E LIl el
interaction interface
G S \ /\ Display & )
(Collaborative | ¢ 0 : > toﬁ]cﬁ «—>
operations e Other 0 Data transfer Gyroscope attitude
T 1 management stctaer;(n 9 tasks ! module 5 sensor
oono skl = : @ b Serial L N
i ooomacooas boommeo poot Hiah communications |
19 - Real-time kinematic
Control tasks layer x
* L performance [ Ethernet Y localization
Task management layer processQiSEy communications
*
Basic funcnonil libraries layer CAN PRI e D:ng ?arg:?d
Real-time system layer communications) </ 10 J - ’
ET status
el data ET

High real-time PLC

‘ Communications ‘

High- } ET
VO[ttage » |  Fault monitoring 4| status
S f”: ' | acquisition
OO ‘ Basic control logic ‘}

Control
outputs

Battery status
Operating status

Drive system status

ET status sensors

Sensors
data

Fig. 1. ET unit operation control mechanism architecture. CAN: controller area network; MCU: motor control unit; I0: input/output.

219


move_f0005

Z. Luo, Q. Zhu, M. Liu et al.

shown in Fig. 1 focuses on the process of interaction and coopera-
tion between the powered machine body and its mounted operat-
ing machinery. It can be adapted to power machinery dedicated to
low-speed complex operations, such as conventional fuel tractors,
hybrid tractors, combine harvesters, and construction machinery.

2.2. High-performance controller

In the foreseeable future of ETs, the application scenarios are
rich and varied. This requires a higher performance onboard con-
troller to support it. To satisfy the high computing ability, high-
speed communication, rich hardware interfaces, and flexible
expandability required for intelligent control of ETs, we have
developed a high-performance controller dedicated to ETs.

During the design process of the high-performance controller,
the above application scenario analysis was fully considered, and
the circuit structure was refined to minimize the hardware cost
and operational energy consumption. Ultimately, the designed
high-performance controller consists of only an onboard support
module (OSM) and an external interface module (EIM), as shown
in Fig. 2. OSM mainly integrates the controller's power,
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clock, debugging, status, and processor circuits and realizes the
controller’s direct current (DC) power supply management, power
output control, clock signal management, status control, online
debugging support, data processing, and storage functions. These
functions are only used to support the controller’s operation and
serve the EIM and are not directly open to external sensors or
devices, which avoids the risk of regular controller operation due
to external device damage, model mismatch, and other factors.
The EIM integrates all of the controller’s external interface circuits,
including the communication network, serial communication
interface, digital & analog interfaces, and localization & storage &
visualization interfaces. These interfaces are directly and indirectly
connected to external devices to acquire signals from or control
them.

2.2.1. OSM

The OSM is the core of the high-performance controller and
supports the regular operation and external interaction of the
high-performance controller. It consists of a power & clock, con-
troller status monitoring, controller status manipulation, and an
automotive-grade processor.
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To meet the computational performance requirements of intel-
ligent control, an automotive-grade 4 cores 1.5 GHz central pro-
cessing unit (CPU) and an embedded Mali-G31 graphics
processing unit (GPU) are used, which enables the controller to
have high sequential and parallel computation capability while
achieving low power consumption. To subsequently deploy
large-scale ETOS, low power double data rate 4th generation syn-
chronous dynamic random access memory (LPDDR4) high-speed
random access memory (RAM) and embedded multi media card
(EMMC) 32 GB read only memory (ROM) are deployed.

In the power & clock, the DC power management section first
filters and regulates the input voltage of approximately 24 V
through the protection circuitry and then step-downs the 24 V to
DC 12, 5, and 3.3 V, that is, the power source section, which is used
to satisfy the controller’s voltage requirements and to supply
power to external low-power devices and sensors. An accurate
real-time clock (RTC) is critical for the controller, and the RTC par-
tially fulfills this function. The high-precision HYM8563 clock chip
is used as the core. It adopts the synchronous power supply of the
external power supply and button battery, which can work nor-
mally for at least five years under external power failure.

In controller status monitoring, the status light emitting diode
(LED) section is used to dynamically indicate the operational status
of the controller, including the status of the power supply, switch-
ing on and off, whether it is faulty, locating signals, network con-
nection, and external storage. The debug interface section
outputs information about the controller’s operation and faults. It
is built into the kernel layer of the controller’s operating system
to prevent the application layer from becoming stuck and not
working.

Buttons and interfaces to manipulate the controller status are
provided in controller status manipulation, which realizes the con-
troller system firmware update, restores factory settings, ejects
external storage, and switches on/off operations. The system firm-
ware update here refers to the burning of the underlying operating
system of the controller, which is different from the over-the-air
technique mentioned in Fig. 1.

22.2. EIM

The EIM integrates all the external communication interfaces of
the high-performance controller. It collects signal data from exter-
nal devices and sensors and sends real-time solved control com-
mands to them. It comprises a communication network, digital &
analog interfaces, a serial communication interface, and localiza-
tion & storage & visualization.

In the communication network, the CAN bus mainly communi-
cates with a high real-time PLC to transmit status data and control
signals to the ET. While 100 MB Ethernet is currently used to trans-
mit high-speed data, such as data from the high-frequency com-
bined navigation module of the real-time kinematic (RTK) and
inertial measurement unit (IMU), Ethernet can also be used in
the future instead of the CAN bus to form a vehicle-wide commu-
nication network with all intelligent sensors and smart devices of
the ET. The 4th generation mobile communication technology
(4G) mobile network is used to form a remote communication net-
work between the controller and the cloud server, as shown in
Fig. 1, to upload and transmit the ET’s status information and oper-
ational data and to receive mission commands and upgrade pack-
ets from the cloud server.

Among digital and analog interfaces, high-speed general pur-
pose input/output (GPIO) and analog-to-digital converter (ADC)
interfaces are used to realize digital and analog communication,
respectively, and are used to collect signals such as variable fre-
quency pulses of Doppler ground speed radar, continuously chang-
ing voltages of temperature sensors, and so on, and to control
digital signal devices such as electromagnetic hydraulic valves,
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electromagnetic clutches, electronic differential locks, and other
digital signal devices. They can also control digital signaling
devices such as electromagnetic and hydraulic valves, electromag-
netic clutches, and electronic differential locks.

In the serial communication interface, the transistor-transistor
logic (TTL) converter chip converts the built-in TTL serial commu-
nication level standard of the processor into the Electronic
Industries Association (EIA RS)-232, EIA RS-422, and EIA RS-485
level standards commonly used in vehicle control. This allows
the controller to be adapted to various serial communication
devices and increases the antijamming ability of the communica-
tion. Universal serial bus (USB) 2.0 and on-the-go (OTG) allow
the controller to interact with external devices, such as touch
devices, as a host or slave, which increases the efficiency and con-
venience of the controller interaction.

In localization & storage & visualization, a built-in BeiDou posi-
tioning system (BDS) module is used to determine the location of
the ET. Unlike the precise RTK positioning system used for
unmanned operations, the BDS can achieve only essential position-
ing, which helps the cloud server understand the distribution and
historical trajectory of the ET. The trans-flash (TF) card is a high-
capacity external memory card that is used as a black box for off-
line recording of historical operating information of the controller
and the ET. High definition multimedia interface (HDMI) is used in
the human-computer interaction interface to display and set crit-
ical parameters.

2.3. ETOS

Owing to the flexible form of hardware arrangement and high-
frequency control response of the ET, it can be used as an intelli-
gent body such as a robot to participate in many agricultural oper-
ations. This will complicate the control program of the ET, placing
greater demands on real-time and concurrent program operation
and requiring greater computing power support. However, devel-
oping and designing such a complex control program is equally
challenging for the programmer.

The ETOS has been designed to solve the above problems. On
the basis of the robot layered software architecture [28], the ETOS
consists of three parts: system, framework, and application, as
shown in Fig. 2(b). The system part represents the primary operat-
ing system and hardware interaction interface, the framework pro-
vides support for rapid development and real-time operation of
control tasks, and the application is directly oriented to the devel-
oper for programming specific control tasks. More specifically, they
can be divided into four layers: the real-time system layer, basic
functional libraries layer, task management layer, and control tasks
layer. The real-time system layer corresponds to the system part,
the basic functional libraries layer and the task management layer
correspond to the framework part, and the control tasks layer cor-
responds to the application.

2.3.1. Real-time system layer

The real-time system layer, as the most basic layer of the ETOS,
guarantees the interaction of hardware devices and the real-time
execution of programs. It consists of a real-time system, basic dri-
vers, and hardware abstraction.

In the real-time system, the open-source embedded Linux has
been deeply customized and improved by removing unneeded
modules such as multimedia, radio frequency (RF), wireless fidelity
(WIFI), and multiple display drivers to reduce the extra power con-
sumption of the system and save computing power. Driver mod-
ules such as Ethernet, TTL converters, and CAN controllers have
been added to the hardware for high-performance controllers. To
improve the real-time performance of Linux, its kernel was
patched with PREEMPT-RT to enable preemptive kernel-like
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responses to computational tasks while allowing it to approach
strong real-time systems.

Basic drivers provide drivers in the Linux kernel for the devices
(chips) on which the high-performance controller is mounted for
interactive control, specifically HDMI, GPIO, USB, Debug, CAN con-
trollers, ADC, Ethernet, TTL converters, and TF memory cards.
These drivers are closely related to the model of the device chip
and are not generic.

On the basis of basic drivers, hardware abstraction abstracts hard-
ware devices into virtual hardware platforms. It encapsulates them
into a universal hardware communication application programming
interface (API), that is, hiding specific hardware interface details and
making it hardware independent. This makes deploying the ETOS
convenient and easily portable to other controller models.

2.3.2. Basic functional libraries layer

The development of intelligent collaborative control algorithms
is a complex and time-consuming endeavor. Intelligent control of
ETs involves advanced fields such as optimization, machine learn-
ing, machine vision, and high-dimensional data processing. Tech-
nologies such as databases, graphical interfaces, web
communications, and the Internet of Things have also been applied
to cloud-based interactions in ETs.

The basic functional libraries layer integrates open-source
libraries that implement these techniques, including CasADi for
solving nonlinear optimization problems, the lightweight embed-
ded database management system SQLite, Eigen for high-
dimensional matrix operations, tensor virtual machine (TVM) for
deploying machine learning inference models, PCL for point cloud
data processing, and the development framework Qt for software
testing and graphical interface development and file manipulation.
On the basis of these open-source libraries, it is possible to quickly
perform intelligent control tasks, reducing the development diffi-
culty and time cost. These open-source libraries can be used and
modified for free following open-source agreements such as
Berkeley software distribution (BSD) and Apache license, which
reduces the cost of using ETOS. In addition, simulation model-
based code generation can reduce the effort required to write code
to quickly validate and deploy the designed control strategy.
Developers can manually link generated code or library files here
to be called in the application layer.

2.3.3. Task management layer

The collaborative control tasks of the intelligent ET are parallel,
and these tasks can work independently and in collaboration to
achieve a global control goal. For these tasks to execute and collab-
orate well, their initiation, suspension, and termination must be
strictly prioritized and sequenced for execution, and the communi-
cation between tasks must be strongly timely. The task manage-
ment layer manages the entire lifecycle of these control tasks
and supports collaboration between them.

The task management layer is developed on the basis of ROS2.
Relying on ROS2’s relatively perfect node management system
and real-time data distribution, that is, node communication ser-
vice, the task management layer establishes a framework for con-
trolling the entire lifecycle management of tasks, as shown in Fig. 2
(d). Before all the tasks are created, the global parameters and task
priority first need to be configured, which together determine the
ability of tasks to compete for system computational and commu-
nication resources; then, some global parameters need to be
loaded into specific tasks according to the task needs to complete
the task parameter configuration; and finally, the startup order of
these tasks needs to be strictly controlled.

At the initial stage of each task initiation, that is, when the task
instance is created, it registers itself with the watchdog and logger
and is assigned a unique identity document (ID), on the basis of
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which the watchdog and logger supervise and record the execution
of each task, preventing unexpected fatal errors during task execu-
tion, which can increase the risk of instability and insecurity to the
ET. Specifically, this requires that each task feed the watchdog peri-
odically while running. Otherwise, the watchdog will report a run-
time exception for that task. This can have a timely impact when a
task has a timeout response, memory leak, memory overflow, and
other serious failures to avoid causing an incident. The logger mod-
ule can penetrate each function module of the task to record the
execution process of the task in real time and detail, helping devel-
opers and users locate the fault location and type quickly. Each task
instance runs as a separate system process after it has been suc-
cessfully created. These parallel tasks (processes) communicate
and synchronize via the intertask communication bus, a generic
communication interface further abstracted from fast data distri-
bution service (DDS) [29].

These tasks usually run in a loop, and their runtime cycle is tightly
controlled; however, some particular tasks only need to loop a speci-
fic number of times before exiting on their own. Timer-based run
cycle control is used to control the cycle period of each task. In addi-
tion, when the system computing power resources have difficulty
meeting the real-time communication and operation requirements
of all tasks, it is necessary to allocate the system resources dynami-
cally and control the order of the event response according to the
time of the task event proposal and the priority of the task itself to
ensure that the tasks related to the stability and safety of the ET
can be operated correctly and in real time.

Each control task has three states: a nonactivated state, an acti-
vated and running state, and a fault state. After a task instance is
created, it first enters the nonactivated state, where the task is
not allowed to perform any action until it receives a command to
activate and execute. Tasks transferred to the activated and run-
ning state follow the program loop until the task is closed when
it is determined to be complete. Once the task is monitored and
an error is generated, it is immediately transferred to the fault
state. If the error can be repaired or handled, it will be transferred
back to the activated and running state; if not, the task will be shut
down, and an alert message will pop up.

2.3.4. Control task layer

The control tasks for the ET are placed in the control tasks layer.
In this layer, developers can quickly write functional code for tasks
under the framework and interface the three layers mentioned
above. Specifically, for the ET application requirements, we initially
developed and deployed the human-computer interaction task,
the operational data logging task, the cloud server communication
task, the self-steering task, the collaborative operations manage-
ment task, and the ET status update task.

The human-computer interaction task provides a visualization
interface for controlling and monitoring key parameters of the
ET, which can be run locally on a manned tractor or remotely
deployed on a cloud server over a wide area network for remote
monitoring and control of the ET. The operational data logging task
is used to log the data during the operation of the ET, and its log-
ging frequency can be customized by the user, with a maximum
support of 150 Hz. These data can be used to calculate the opera-
tion area and analyze the operation’s quality. The cloud server
communication task maintains communication with the cloud ser-
ver through the 4G wide area network. It is mainly used for receiv-
ing control commands issued by the server, upgrading firmware by
the OTA, and uploading the ET’s status data, operation data, and
fault logs. The self-steering task is a field-assisted driving program
for ETs, which controls the steer-by-wire system on the basis of the
current vehicle speed for tracking the fieldwork path. The collabo-
rative operations management task is based on an optimized
approach that takes control of the drive system and the operating
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system instead of control by the human operator to improve the
quality, stability, and efficiency of the operations. Integrated oper-
ations management and self-steering tasks realize the unmanned
operation of ET field plowing.

The ET status update task is the data center of the ET, which
communicates with the high real-time PLC and the sensors directly
connected to the ETOS and is responsible for obtaining and updat-
ing the status data of the ET in real time for use by other control
tasks. Moreover, it is responsible for sending the control data or
commands calculated from the control tasks in the ETOS to the
ET at a set frequency. This stand-alone data service design dramat-
ically reduces the duplication of data acquisition code and pro-
gramming complexity, allowing the programmer to focus only on
the logic that implements the control tasks.

The ET status data were grouped into an electric (E)-tractor sta-
tus message (input to the ETOS) and an E-tractor control message
(output to the high real-time PLC), as shown in Fig. 2(c). In the E-
tractor status message, specific variable names and data types
are defined for the motor control unit (MCU) message, localization
message, aided driving message, vehicle message, operation mes-
sage, and battery message. The battery messages are defined in
the E-tractor status message. The E-tractor control message
declares the authority message that requests control authority
for the ET subsystem and the target control message for the ET sub-
system target control value.

2.4. COMS

To demonstrate the proposed control mechanism, a plowing
collaborative operation management strategy was proposed on
the basis of the ETOS. This approach aims to improve the quality
of plowing and reduce energy consumption to dynamically and
optimally control the torque of the drive motor and plowing depth,
as shown in Fig. 3. The strategy is based on the self-steering task,
which independently controls the ET steer-by-wire system. It
obtains the status data of the ET in real time from the ET status
update task. First, a digital low-pass filter is designed to filter the
operating speed and traction resistance with a high fluctuation fre-
quency. Second, the Gaussian process regression method was used
to study the plowing depth and traction resistance relationship
online. Finally, the multivariate nonlinear optimal control problem
is constructed and iteratively solved by an evolutionary algorithm
that relies on the computational capability of the high-
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performance controller to achieve real-time optimal control of
the motor torque and plowing depth.

2.4.1. Digital low-pass filter design

The digital low-pass filter is designed with a passband cutoff
frequency of w, (rad-s™') and a maximum attenuation of A, (dB)
in the passband, a stopband cutoff frequency of ws (rad-s~') and
a minimum attenuation of A (dB) in the stopband. To correct for
the distortions arising from subsequent nonlinear frequency trans-
formations, a prior inverse distortion of the frequency is performed
as follows:

{

where Q, and € are the passband cutoff frequency and the stop-
band cutoff frequency of the inverted digital filter, respectively,
that is the corresponding frequencies of the analog filter to be
designed. T is the sampling period of the digital filter.

The square of the modulus of the amplitude response of the
analog Butterworth low-pass filter is expressed as follows:
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where H is the frequency response function of the filter, N is the
order of the filter, w, is the filter 3 dB cutoff frequency, w is the
frequency variable, and j is the imaginary unit.

On the basis of the above equation, w. can be calculated for the
analog Butterworth filter at the maximum attenuation A, in the
passband and the minimum attenuation As in the stopband. To
consider passband metrics and stopband metrics in a balanced
way, the final inverted distortion Q. can be taken in the following
range:
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The complex frequency-domain system function of Eq. (2) can
be derived from the conjugate symmetry of the frequency response
of the real coefficient analog system [30]:
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Fig. 3. Schematic diagram of the COMS. The definitions of the variables in the figure can be found in Section 2.4.
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To ensure the stability of the designed analog Butterworth filter,
the poles of H(s)H(-s) in the left half-plane of s are chosen to form
H(s). Since the designed filter is of order 3, there are N=3 and, cor-
respondingly, three poles in the left half-plane of complex fre-
quency S:

N=3 3
—Si Q
H(s) = == < 5 (6)
1SS (S Q)(S*+ Qs+ Q)
where s; = Q&G+ i =1,2,3.

The bilinear transform (Tustin transform) is an important
method for converting a continuous-time system into a discrete-
time system. This transformation is used here to convert the
designed analog Butterworth filter into a digital Butterworth filter
for application in discrete control systems. Notably, the conversion
of the analog frequency to the discrete frequency in the bilinear
transformation is nonlinear, resulting in distortion of the discrete
frequency after the direct transformation. Therefore, this phe-
nomenon can be overcome by predosing an inverse distortion in
Eq. (1) for the frequency of the digital filter to be designed.

The mapping relation from the s-domain to the z-domain is
defined in the bilinear transformation as s = 2 L z L zis is the com-
plex variable in the Z-transform. Bringing this into Eq. (6) yields a
discrete third-order Butterworth low-pass filter:
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Additionally, the order and cutoff frequency of the filter are crit-
ical parameters, and it is essential to calibrate them accurately. The
first step converts the time-domain signal to be filtered into a
frequency-domain signal, which can be achieved using the Fourier
transform. The frequency distribution characteristics of the con-
verted frequency-domain signal, the signal characteristics required
by the control method, and the computational complexity of the
filter are then analyzed to initially determine the filter order and
cutoff frequency. These parameters are finally fine-tuned via sim-
ulation and real vehicle tests to achieve the desired control effect.

2.4.2. Plowing depth and traction resistance relationship online
learning

Soil conditions in the field change in real time and are challeng-
ing to measure dynamically and accurately. The attitudes and rela-
tive positions of the plow and tractor are time-varying. This results
in a relationship between the depth of the plowing operation and
the traction resistance required for the plowing operation, which
is difficult to describe and model. However, finding this relationship
will provide precise guidance for plowing depth adjustment.

To obtain the relationship between them in real time at a low
cost, a method for learning the relationship between the amount
of change in the plowing depth and the amount of change in trac-
tion resistance on the basis of real-time data has been proposed.

Defining the change in the plowing depth from moment (k-1)
to moment k as Adp, the change in traction resistance AFy, the trac-
tion resistance F, at moment k, and the plowing depth dp, the fol-
lowing relation is satisfied:

y=fX)+e" (8)

where y=AF,, X = [Ad,,d,,F,], and ¢ is the normally distributed
noise with a mean of 0.5 and a variance of g2.
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Consider that n data points {(Xp,y,)}s_, have been collected to
form a training set and satisfy the following probability
distribution:

Y~ N (0,K(X,X) + 62I) 9)

where h is the hth data point, I is the unit matrix, K(X, X) is the
covariance matrix between the data points that have been col-
lected, which can be calculated by a customized kernel function:

I / 2 1 < xl

k(x,X) = 0} exp[—5 2_1: (10)
where D is the dimension of X. oy, |, and g, together form the
hyperparameters. According to the maximum likelihood principle,
the hyperparameters can be determined by solving for the maxi-
mum of the following maximum likelihood function:

InG(ay, 0, 1) = %yT(K(X,X’) a2y % In|K(X.X') + 02l

+ g In27 (11)
where 7 is the circular constant, G is the likelihood function for the
Gaussian process model.

The determination of the hyperparameters completes the map-
ping of the relationship between the change in plowing depth as
Ad, and the change in traction resistance AF, After
X" =[Ad,,d,,F}], the corresponding change in traction resistance
y* = AF, satisfies the following distribution ./".

Py ly) ~ A (KX, X) + 2D (K(X.X) + a2) 'Y, (K(X* . X")
—(KX".X) + 62D (K(X,X) + a2I) ' (K(X,X") + a2I))

+ 02l
(12)

2.4.3. Optimal control problem construction

Plowing depth stability and operating speed stability are critical
indicators for assessing the quality of plowing operations. Main-
taining high speed at all times improves operational efficiency
(reduces operating time per hectare) during operation, and keeping
the motor in the high-efficiency range improves the energy utiliza-
tion of the entire ET and reduces operational energy consumption.

Considering the above to improve the quality and efficiency of
operations in an integrated manner, a bivariate nonlinear opti-
mization problem is developed:

min | = Z | % — Vgt | Qui + | dfy — dpge [|Rwi
i=|

AT' Adj,

1/ (2~ ) [ Huws + 11 (@~ dpige)” G+ Fet motor (Thy: M) Zos
st vk = v+ 9(28(Ty " +AT}) /Rege — Fy )t /my
Fy=Fy ' +P(Ad,.dy ' Fp )
|AT, | < ATmax
Armin < dj, < dmax
(13)

where J is the optimization target; t is the current moment and vy
and v, ¢ are the measured operating speed and the target operat-
ing speed, respectively. d, and d, are the measured plowing
depth and target plowing depth, respectively. T, and n,, are the
torque and speed of the motor, respectively. AT, and Ad,, are the
amount of torque variation and plowing depth variation to be opti-
mized, respectively. Rqf is the effective radius of rotation of the
wheel, mr is the mass of the ET, fefrmotor i the efficiency function
of the motor, and the P function is determined by Eq. (12). Q, R,
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H, G, and Z are weighting coefficients, é is the motor-to-wheel
transmission ratio, y is an adjustment factor, and ¢ is the control
period.

The calibrations of Q, R, H, G, and Z directly affect the effective-
ness of the optimized control. To determine these weighting coef-
ficients, the first step is to ensure that the control strategy can
track the target speed and the target plowing depth, which
requires a focus on adjusting Q and R. H and G need to be adjusted
to maximize the smoothness of speed tracking and tillage depth
tracking. Z needs to be adjusted to improve motor efficiency. The
tuning process described above can be quickly implemented in
simulation tests and then fine-tuned in real vehicle tests in the
field. These weighting coefficients need to be normalized.

3. Results and discussion
3.1. Performance test results

Fig. 4 shows the human-machine interface (HMI) running in
the ETOS and the designed high-performance controller. The HMI
shown in Fig. 4(b) can be deployed in a high-performance con-
troller or remotely in a server via internet communication technol-
ogy. The interface provides real-time updates of the ET’s current
vehicle status and operational status, as well as an interface for
selecting different control strategies, manually adjusting the oper-
ating system, and manipulating the operational data logging task
to record vehicle data. Fig. 4(a) shows the physical structure of
the designed high-performance controller with dimensions of
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146 mm x 128 mm. This results from a comprehensive considera-
tion of the ease of vehicle mounting and printed circuit board (PCB)
heat dissipation. The CPU, GPU, RAM, and ROM as the core of the
controller are encapsulated as a module and wrapped in an iron
case to improve heat dissipation and electromagnetic compatibil-
ity (EMC). Furthermore, putting these chips that require high-
speed communication together improves the stability and interac-
tion efficiency of the controller.

Table 1 lists the power measurements of the high-performance
controller at different loads. The rated input voltage of the con-
troller is 24 V DC, and the controller is at full load when all CPU
threads and GPU utilization reach 100%, at which point the con-
troller reaches 13.68 W. When no control tasks are performed in
ETOS, the CPU utilization is typically less than 5%, and the con-
troller is in an idle state with a power of only 6.96 W. This low-
power feature can further reduce the proportion of the overall
vehicle control system energy consumption in the overall vehicle
energy consumption. To facilitate the interaction of the high-
performance controller with external devices, it is designed to out-
put up to 32.00 W of power externally.

Table 2 lists the test results of the task execution delay and
communication delay for the designed platform. Through the
CyclicTest tool, the real-time thread of the Linux system is mea-
sured to have a maximum latency of 72 ps and an average of
1 ps under the highest privilege and a maximum latency of
87 ps and an average of 2 ps under the lowest privilege. The
real-time performance of the system is close to that of a hard
real-time system. The stability of the task cycle period in the ETOS
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Fig. 4. Photograph of the ET in the real vehicle test. (a) High-performance controller prototype. (b) Human-machine interface. (c) Autonomous ET for the plowing operation

test.
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Table 1

Power measurement of the high-performance controller.
Item Value Description
Rated input voltage 2400V —
Full-load current 0.57 A CPU and GPU utilization at 100%
Full-load power 13.68 W  (peripherals not included)
Stand-by current 029 A No control tasks performed
Stand-by power 6.96 W (peripherals not included)
Maximum peripheral power 32.00W —

directly affects the control performance. In the test of task cycle
period jitter, the maximum cycle fluctuation is 56 ps, which meets
the control requirements of the ET. The maximum communication
latency between tasks within the same process via the intertask
communication bus is less than 236 ps, and the average latency
is 92 ps. In the communication loopback tests for both the serial
port and the CAN bus, the average latency exceeded 100 s
because the process includes factors such as system latency, task
latency, and parsing latency. In the communication latency test
with the server, the average latency reached milliseconds because
of the data transmission over the 4G network. This latency result is
acceptable because the server is not involved in real-time control.
In this demonstration application, the CAN network of the high-
performance controller is categorized into two types: high-speed
CAN and low-speed CAN. A high-speed CAN is used to transmit sta-
tus information and control commands of ETs and operating imple-
ments, and a low-speed CAN is used for real-time communication
with controlled objects such as drive motors, which are loaded at
less than 10% and 8%, respectively.

3.2. Demonstration application results

The tractor is the main power machinery for agricultural pro-
duction, and its mounting of different implements can be
engaged in a variety of agricultural production operations, such
as plowing, sowing, drug application, and harvesting. Plowing
is the most typical agricultural operation scenario; owing to its
immense power demand and prominent fluctuating load charac-
teristics, the controller needs to dynamically adjust the plowing
depth and drive motor to balance the operation’s stability and
energy efficiency. This places high demands on the collaborative
control performance of the tractor and operating implements.
Therefore, a plowing operation scenario is chosen as a demon-
stration here to verify the practical application effects of this
research (Fig. 5).

The proposed COMS was deployed to demonstrate the platform
and validate its effectiveness in a real operational environment.
The self-driving ET is equipped with this platform for plowing
operations, as shown in Fig. 4. COMS was programmed to run as
a control task in the control tasks layer of ETOS, as shown in
Fig. 2(b). Its control cycle period was set to 100 ms because of
the low operating speed during plowing. To evaluate the effective-
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ness of the platform’s application, traditional human remote con-
trol operating methods were used for comparison.

The core of COMS is the multivariate nonlinear optimal control
problem shown in Eq. (13), whose solution is highly exhausting in
terms of computing power because of the inability to derive an
analytical solution. Here, a traditional evolutionary algorithm is
used to solve the COMS in real time, and the time consumed for
each complete solution is shown in Fig. 5(c). The consumption time
fluctuates in the range of 30-80 ms because of the influence of
composite factors such as task dynamic scheduling strategies,
system-level interrupt events, and optimization problem initializa-
tion. The maximum value of the consumption time is 83 ms, and
the average value is 46 ms, which is entirely below the cycle time
of 100 ms, which indicates that COMS can be solved and run cor-
rectly on this platform.

The efficiency curves of the motors in the two control modes are
shown in Fig. 5(c), where the drive motor efficiency of the ET under
the human operator’s control fluctuates in the low to medium
range and is extensive, with an average efficiency of only 75.24%.
This is caused by the need of the human operator to dynamically
adjust the throttle pedal to stabilize the operating speed under
fluctuating large loads. The ET has a large control inertia; the
human operator cannot judge the state of the motor, so it is not
easy to control the motor to work in the high-efficiency range for
a long time. The average efficiency of the drive motors under COMS
control is 82.55%, which is a 9.72% improvement over that of a
human operator, and the efficiency curve has stabilized in the
high-efficiency range. This shows that the drive motor under COMS
control can operate well and efficiently.

The distributions of the operating condition points of the motor
in the two control modes are shown in Figs. 5(b) and (d). Almost all
of the motor operating points under COMS control are in the high-
est efficiency region, and a small number of inefficient operating
points are concentrated in the high rotation speed and low torque
region, which is caused by suppressing overshooting of the operat-
ing speed in some critical moments. The motor operating points
under human operator control are mainly in the low-efficiency
region of high rotation speeds with low torque, a combination of
the human operator’s conservative operating strategy to prevent
uncontrolled operating speeds and low plow resistance due to
the soft soils in which they operate. Additionally, during the accel-
eration phase of the ET, the COMS-controlled motor can run in the
direction of the gradient of the efficiency map compared with a
human operator, which results in a shorter acceleration time and
a higher energy utilization efficiency of the ET.

The energy consumption and mechanical efficiency of the ET dur-
ing the plowing operation are shown in Fig. 5(a). The consumption of
the ET under human operator control, the motor controller’s con-
sumption, and the motor’s consumption were 214.02, 203.87, and
153.35 Wh, respectively. The ET’s mechanical efficiency (energy con-
sumption of the motor divided by the ET’s energy consumption) is
71.65%. The consumption of the ET under COMS control, the con-
sumption of the motor controller, and the consumption of the motor

Table 2
Latency time measurement of the platform.
Item Latency time Description
Maximum Minimum Mean
Linux system real-time latency (highest priority) 72 ps 1 us 1 ps Testing with the CyclicTest tool
Linux system real-time latency (lowest priority) 87 ps 3 us 2 us Testing with the CyclicTest tool
Task cycle period jitter in ETOS 56 s 5 us 8 us —
Intertask communication bus latency 236 ps 58 us 92 us Intraprocess communication
Serial port communication latency 384 ps 137 ps 188 ps Loopback test
CAN bus communication latency 289 us 93 ps 125 ps Loopback test
GPIO interrupt response latency 3 ms 81 us 163 us —
Server communication latency 47 ms 9 ms 23 ms Testing with the ping command
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Fig. 5. Demonstration application results for ET units. (a) Energy consumption and mechanical efficiency of the ET in two control modes. (b) Motor operating condition points
in COMS control mode. (c) Time consumed in solving the COMS, motor efficiency curves, plowing depth curves, and operating speed curves in two control modes. (d) Motor

operating condition points controlled by the human operator.

are 256.07, 242.50, and 200.12 Wh, respectively, and the mechanical
efficiency of the ET is 78.15%, which is an improvement of 9.07%
compared with that of the human operator.

The operating speed curves of the motor in the two control
modes are shown in Fig. 5(c), and the target operating speed is
set at 1.35 m-s~! according to the agronomic requirements. The
root mean square error (RMSE) can be used to evaluate the opera-
tional speed stability. The RMSE of the operating speed under
human operator control is 0.33, and the RMSE of the operating
speed under COMS control is 0.16, which is a 106.25% improve-
ment in the stability of the operating speed over that of the human
operator. In addition, the ET under COMS control has a shorter
acceleration process, which corresponds to Fig. 5(b).

The plowing depth curves of the ET in both control modes are
shown in Fig. 5(c). The target plowing depth is set at 140 mm
according to agronomic requirements. The human operator fixes
the plowing depth at a target value because of the difficulty of
dynamically adjusting the plowing depth while operating the ET.
The COMS can adjust the plowing depth in real time to adapt the
plowing resistance (load) to improve the stability of the operating
speed and mechanical efficiency. The stability of the plowing depth
under COMS control reaches 94.98% [31], ensuring the stability of
the plowing operation.

4. Conclusions

This paper combines the characteristics of operating conditions
and control requirements of ET units. A control mechanism for the
collaborative operation of ETs and implements is proposed to real-
ize instantaneous information interaction, full life cycle manage-
ment, and multitask dynamic scheduling of collaborative control
tasks. To validate and demonstrate the proposed control mecha-
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nism, a plowing collaborative operation management strategy is
designed and deployed. The main findings of this study are sum-
marized below:

(1) To address the internal redundant communication problems
caused by traditional distributed microcontrol units, we break
through the underlying technology of unit data processing and
interaction and develop an integrated high-performance controller
structure with high processing capacity and high- and low-speed
communication interfaces.

(2) On the basis of hierarchical stepwise control theory, an ETOS
is designed. It realizes a preemptive kernel response of computa-
tional tasks and competitive-collaborative synchronization among
tasks; overcomes the low-latency response of collaborative control
tasks, instantaneous information interaction, and multitask syn-
chronization problems; and provides system-level support for
deep collaborative operation control of units.

(3) To demonstrate and validate the proposed collaborative
control mechanism, a plowing collaborative operation manage-
ment strategy is designed and deployed. This strategy realizes col-
laborative control of the drive system of the ET and the
implementation of a plowing depth adjustment system. The exper-
imental results show that the system real-time latency is 2 ps on
average, the server communication latency is 23 ms, the communi-
cation delay of collaborative tasks is as low as 83 s, the solution
time of complex collaborative equations is as low as 46 ms, the
mechanical efficiency of the ET is increased by 9.07%, the efficiency
of the drive motor is increased by 9.72%, the stability of the oper-
ation speed is increased by 106.25%, and the stability of the plow-
ing depth reaches 94.98%. This reduces the operational energy
consumption while improving the operational quality.

The proposed unit operation control mechanism and plowing
collaborative control strategy in this paper have wide application
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potential. Taking an average plowing depth of 20 cm for operation
in loam-clay soil, the fuel consumption of a diesel-powered tractor
is approximately 25 L-ha™!, and the electricity consumption of an ET
is approximately 35 kW-h-ha~'. The price of #10 diesel in China on
July 5,2024, was 8.04 CNY-L™!, and the price of agricultural electric-
ity was 0.484 CNY (kW-h)~'. On the basis of the cropping pattern of
two seasons per year, when an ET is used for plowing, the annual
electricity consumption per hectare is approximately 70 KW-h, sav-
ing 50 L of diesel fuel and 368.12 CNY. Suppose that the control
platform and integrated operation management strategy proposed
in this paper are deployed in an ET. In that case, the 9.07% improve-
ment in mechanical efficiency derived from the real vehicle
demonstration test can lead to an annual electricity savings of
6.35 kW-h-ha™! and an improvement in operation quality.

There are several limitations in the practical promotion and
application of this study. To test this study more comprehensively,
we should first carry out application demonstrations in other kinds
of operational scenarios in the future. Ecological support from
component suppliers and OEMs, which is compatible with the
communication protocols of multiple component models, is also
needed to promote the application of this research to production.
In addition, the controller should be designed to avoid electromag-
netic interference, and EMC testing of the whole vehicle should be
carried out, especially for power batteries and high-power motor
scenarios. Emphasis should also be placed on safety design meth-
ods such as power supply system redundancy and dual controller
redundancy calculations. Furthermore, digital twin technology is
an essential direction for the future of smart agriculture. Digital
twin technology enables the simulation and analysis of real phys-
ical systems through digital models that are closely, dynamically,
and real-time connected to the physical system. The instant infor-
mation interaction and collaborative task management mechanism
proposed in this research can provide data link support for digital
twin technology.
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