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Abstract: To improve the quality and control accuracy of the farming tractor electro-hydraulic hitch
system, a variable-universe fuzzy control algorithm is introduced herein based on force—position
mixed adjustment. (1) Background: This research sought to improve the operation quality and control
precision of the tractor electro-hydraulic suspension operation system by solving the slow response
and low precision problems in the target value control of the system. (2) Methods: According to the
characteristics of the operating system, the working principle is discussed. The variable-universe
fuzzy controller and the control module were designed based on MC9512XS128. At the same time,
we used Matlab/Simulink to study the step response, and field tests were carried out based on
the existing test conditions. (3) Results: In the response stage, the variable-universe fuzzy control
only needs 5.85 s, and there is no overshoot problem; in the normal tillage stage, the maximum
tillage depth difference is only 1.6 cm, and the traction force is 428 N, which is closer to the expected
value. (4) Conclusions: The farming quality and efficiency of the operating system were improved.
Additionally, the operating system can also provide technical support for intelligent agricultural
machinery and the field management mode in the future.

Keywords: electro-hydraulic hitch system; variable domain fuzzy; single-chip microcomputer;
software and hardware design; test

1. Introduction

The electronically controlled hydraulic suspension system is a key module for modern
agricultural tractors to lift agricultural implements, providing power for various coupled
agricultural machinery [1]. As a technology-intensive, closed-loop adjustment control unit,
electro-hydraulic control technology plays an extremely important role in national indus-
trial manufacturing and modern agricultural production [2]. Especially in the adjustment
of tillage depth, the electronically controlled hydraulic suspension system continues to
improve the efficiency and quality of tractor operation by virtue of its unique control advan-
tages, and it has also become a hot topic in current agricultural machinery research [3-5].

At present, research on tillage depth adjustment and system control has been quite ma-
ture and has been widely used in various tractor products [6,7]. Regarding the adjustment
of tillage depth, scholars have proposed the theory of dual parameter adjustment [8,9], but
the current actual production is still dominated by single parameter adjustments such as
resistance or position; in the control algorithm, although the introduction of fuzzy control,
variable-universe theory and other ideas [10,11] effectively alleviate the strong nonlinear
problems caused by time-varying system and disturbance and improve the quality of
farming, its reliability and durability need to be optimized.
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Patrick Opdenbosch et al. [12] designed a control algorithm to learn the inverse
input-state map of an electro-hydraulic poppet valve (EHPV) with the aid of a nodal link
perceptron network (NLPN). While in operation, the controller enforces the tracking of a
desired hydraulic supply pressure profile while it learns the inverse input-state calibration
map and monitors the latter for deviations from prescribed bounds. The tracking perfor-
mance of the auto-calibration scheme is validated experimentally, and the fault detection
algorithm is explored via a computer simulation. Reza Mohammadikia and Mortaza Alias-
ghary [13] proposed an interval type-2 fractional order fuzzy PID (IT2FOFPID) strategy
designed in the tractor AS system to minimize the transmitted uneven surface fluctuations
to the driver’s cabin. Therefore, a biogeography-based optimization (BBO) algorithm was
employed to regulate the parameters of controllers. To demonstrate the advantages of
the IT2FOFPID controller, three different controllers involving type-1 fuzzy PID (T1FPID),
fractional order fuzzy PID (FOFPID), and interval type-2 fuzzy PID (IT2FPID) control
methods were considered. The validity of the proposed IT2FOFPID controller is demon-
strated in comparative simulation results in the presence of various field disturbances.
The findings revealed that the proposed controller makes outstanding yield compared to
other controllers in the presence of road disturbances. Shuhan Wang et al. [14] proposed a
double-input-and-double-output fuzzy logic controller (DIDO-FLC) that is designed and
introduced in the control strategy, which can adjust the fast-filling time and the maximum
fast-filling pressure of the clutch simultaneously. In order to validate the proposed strat-
egy, the results of the vehicle test are presented, which demonstrate that the deviations
are effectively diminished and the shifting quality is obviously improved. Sabouri, Y.,
Abbaspour-Gilandeh, Y. et al. [15] researched a depth-control system for the subsoiler of
the tillage at various depths. In their study, a depth control system, an algorithm, and a
program were designed to control the subsoiler depth. In their study, four compression
sensors were used at a distance of 10 cm up to a depth of 40 cm on the blade mounted
at the tractor’s front. The data of these sensors were used as the input and compared
with the pressure baseline limit (2.07 MPa), and with the priority to select the greater
depth, the depth of the subsoiler was determined. This system was able to operate the
hydraulic system of the tractor and place the subsoiler at the desired depth through the use
of the position sensors. Ding, R., Cheng, M. et al. [16] designed an FTC system in parallel
with a normal controller based on pressure feedback. It consists of a set of reconfigurable
controllers and a decision mechanism. The control signals, control loops, and operating
modes can all be precisely reconfigured to adaptively match unmodeled fault dynamics.
A bumpless transfer controller based on a latent tracking loop is designed to smooth the
switching between the normal controller and FTC. Consequently, random valve faults can
be tolerated with minor degradations in motion-tracking and energy-saving performance.
Zhao, J.L. et al. [17] researched a bionic stubble-deep loosening combined tillage machine
(BSD). Based on the unique biology of the hare’s paws, toes, and nails, the bionic self-
excited-vibration deep loosening device adopted a new series-parallel composite bionic
elastic system and an intelligent tilling-depth control system with a fuzzy algorithm, which
significantly improved the tilling depth consistency (p < 0.05). This research reduced the
tillage depth coefficient of variation by 12.73% and 13.48%. Soylu, S. and Carman, K. [18]
developed a fuzzy-based automatic slip control system. The developed system continu-
ously measures the slip that occurs during tillage activities and automatically changes the
operating depth of tillage equipment according to the amount of increase in the slip value.
The amount of slip occurring on the driving wheels was applied as a separate input to the
designed fuzzy control system (FCS), and at the fuzzy rule base, it was decided how much
the depth of tillage would be reduced. The system was mounted on an agricultural tractor,
and trials were carried out in actual field conditions. Compared to the operator control, it
was determined that in the tillage activities carried out with FCS, there was a 42% decrease
in slip values, a 30% decrease in draft force values, a 44% decrease in fuel consumption
values, and a 5% increase in field work performance values. It was also observed that there
was a 10% change in tillage depth.
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To synthesize current research progress, because the tractor’s real-time adjustment
system of tillage depth is a nonlinear and complicated system, it is difficult to establish
an accurate mathematical model. Conventional PID control cannot set parameters online.
Fuzzy PID control can achieve real-time control of tillage depth well. This paper analyzes
the structure of the operating unit and the comprehensive adjustment control mechanism
of the tillage depth and force—position based on the existing electronically controlled
hydraulic suspension system, and based on the Freescale MC9512XS128 microcontroller,
introduce advanced fuzzy reasoning variable-universe ideas and design its control. At the
same time, the superior operation quality and control accuracy of this control algorithm are
demonstrated through software and hardware design and experiment comparison, which
can provide a guiding value for the development of precision agriculture in the future.

2. Materials and Methods
2.1. Electronically Controlled Hydraulic Suspension Operating System
2.1.1. Operating System Structure

The electronically controlled hydraulic suspension operating system is a negative
feedback system composed of a suspension system, a control module, and a sensing
element added to the agricultural tractor platform. The main internal module structure is
shown in Figure 1.
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Figure 1. Main module structure diagram of the operating system inside.

Before the tractor starts its operation, the driver can set the corresponding parameters
through the control panel according to the operation requirements. During the operation,
the sensor elements such as force and position monitor the operating status of the system
in real-time, and the detected operating data are processed and fed back to the controller
and then compared with the target signal, and the corresponding output signal is obtained
through the pre-stored control algorithm. After this signal is amplified, the opening and
direction of the proportional reversing valve are adjusted to realize the automatic control
of the lifting and movement speed of the suspended plow.

2.1.2. Operating System Regulation Mechanism

When the operating system is farming, it is simultaneously affected by the depth of
the plow and the resistance of the soil. Therefore, in this paper, sensors are used to measure
farming data in real-time and introduce the idea of weight distribution to organically
couple the plow depth and the force of the plow to form a comprehensive control of the
force—position, as shown in Figure 2.
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Figure 2. Block diagram of the force—position comprehensive adjustment control principle.
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Before tractor plowing, the driver sets the target values of plowing depth and traction
through the control panel and selects a weighting coefficient in advance according to
experience. In the tillage process, the actual tillage depth signal is calculated according
to the weight from the feedback signal provided by the position sensor and the feedback
signal converted by the traction sensor and compared with the set target to generate the
corresponding deviation signal. Then, according to the control algorithm developed in
advance, the corresponding command signal is sent to drive the action of the electro-
hydraulic proportional valve, regulate and control the suspension unit, and then change
the soil depth of agricultural machines and tools.

The force—position comprehensive adjustment control depends on the proportion of
force control and position control of the weight coefficient a. The relationship is:

H =aHy, + (1 —a)Hr 1)

where H represents the real-time depth of the plow (cm); Hy represents the plow depth
feedback value (cm); Hr represents the plow depth conversion value.

Therefore, when a = 0—that is, H, = 0, H = Hp—the system only performs force-
adjustment control; when a = 1—that is, Hr = 0, H = H,—the system only carries out
position adjustment control; when 0 < a < 1, the system assigns the adjustment control
weight according to the value of a, and obtains the comprehensive value of tillage depth
after superposition and transformation.

2.2. Design of the Fuzzy Controller with a Variable Universe

Tractor field farming results from the coupling of many types of factors that have
strong nonlinearity, so it is difficult for the classic PID algorithm to exert its advantages. The
traditional fuzzy controller has a simple structure, but it has obvious defects. That is, when
the input variable of the fuzzy controller is too large and the domain of the input variable
is too small, the output value of the controller cannot meet the system requirements. When
the input variable of the fuzzy controller is too small and the domain of the input variable
is too large, most fuzzy rules are idle. In recent years, people have begun to introduce ideas
such as fuzzy algorithms with intelligent attributes and variable-universe theory into the
adjustment control of cultivation depth [11]. Therefore, this article demonstrates the design
of a coupling controller based on the existing fuzzy algorithm and introduces the theory of
a fuzzy-inference-type variable universe.

2.2.1. Control Algorithm and Structure

The core of the variable-universe theory [19] introduces the expansion factor controller
based on unchanged original control rules and precisely scales the basic universe in
real-time, which can greatly improve the operation quality and accuracy of the farming
unit [20,21]. The principle block diagram is shown in Figure 3.
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Figure 3. Block diagram of control algorithm structure principle.

Parameter e represents the input deviation of the control system, ¢. represents the
change rate of the input deviation of the control system, a; and &, represent the input
scaling factors, 3 represents the output-scaling factor.

When the operating system is running, the farming depth difference e and its change
rate ¢, are transmitted to the controller in real-time, and then the expansion factor controller
obtains the corresponding change according to its own logic and participates in the universe
transformation of the fuzzy controller of the system, making it closer to the ideal interval,
realizing the real-time dynamic adjustment of the basic universe.

2.2.2. Design of the Fuzzy Controller System

Based on the traditional fuzzy control, combined with expert experience and a large
amount of historical test data, according to the basic structure of the control algorithm, the
fuzzy controller [22] of the system uses the form of two inputs and one output, in which
the tillage depth difference e and its change rate ¢. are input parameters, and the tillage
depth adjustment u is the output parameter.

To satisfy the tractor’s intricately changing farming environment, the basic universes
of the tillage depth difference e and its change rate e, are, respectively, taken as [-12,12] and
[—50,50], and the universe of adjustment u is taken as [—3.6,3.6]; and the three variables
are all with [—6,6] as their fuzzy universe. At the same time, to cover each variable more
comprehensively, 7 subsets {NB, NM, NS, Z, PS, PM, PB} are selected to show the dynamics
of each parameter. The subsets of e respectively indicate that the current tillage depth is
compared with the set tillage depth as: “extremely large depth”, “great depth”, “general
depth”, “same depth”, “shallow depth”, “very shallow depth”, “extremely shallow depth”;
the subset of e. means “very fast deepening speed”, “higher deepening speed”, “slower
deepening speed”, “changing speed unchanged”, “slower shallowing speed”, “faster

shallowing”, “extremely fast shallowing”, and the membership relationship between each
variable is described with a triangle, as shown in Figure 4.

1 NB NM NS Z PS PM PB

P

Membershi
S
W
I

-6 —4 =2 0 2 4 6

domain

Figure 4. Schematic diagram of the membership of each variable.

(1) When the tillage depth error e is positive or negative, a reverse tillage depth adjust-
ment amount should be applied to speed up the system response speed and ensure
the accuracy of the tillage depth.
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(2) When the tillage depth e is positive or negative and e, is negative or positive, the
tillage depth adjustment amount should not be applied to ensure the stability of
the system.

(3) When the tillage depth e is positive or negative, as e, changes from negative to positive,
an adjustment amount of tillage depth opposite to e, should be applied to offset the
change in tillage depth caused by changes in e.

(4) When the tillage depth e is positive or negative, or basically remains unchanged, as e,
changes from negative to positive, a tillage depth adjustment amount opposite to e,
and a smaller value should be applied to ensure that the tillage depth will not change
to the opposite direction.

The control rule is the key of the fuzzy controller. Based on the comprehensive
analysis of the tractor field farming data, the relationship between the characteristics of the
operating system and the internal variables is studied, and the system’s fuzzy control rules
as shown in Table 1 are obtained.

Table 1. Basic control rules of the operating system.

e

e
¢ NB NM NS zZ PS PM PB
NB PB PB PM PM PS PS Z
NM PS NS NB NM NM NS Z
NS PM PS PM PS z NS NM
Z PS PS PS Z NS NM NM
PS PS PS z NS NM NM NB
PM PS Z NS NM NM NM NB
PB Z NS NS NM NM NB NB

Combining the characteristics of the operating system, the more advantageous center-
of-gravity method is selected to obtain accurate values in the clarification process. The

expression is:
- Zn Mu(fn) 'fn
fk - Zn ul,[(fn) (2)

fi represents the adjusted tillage depth value, f, represents the value of tillage depth
at point n, and uy;( f,,) represents the adjustment amount at f;,.

2.2.3. Design of the Fuzzy Controller with an Expansion Factor

The expansion factor controller uses the form of two inputs and three outputs, and its
parameter input values have not changed, while the output parameters become expansion
factors a1, &y, and 3. Combining the basic principles of the control algorithm, the expansion
factor a1 and &y act on the input of the fuzzy controller of the system to fine-tune its input
parameters; the expansion factor (3 acts on the output of the fuzzy controller of the system
to complete the “fine adjustment” of the output parameters.

Real-time scaling of the basic universe by the expansion factor is the key to the variable-
universe theory, so to improve the work’s effectiveness, in this paper, the fuzzy-reasoning
expansion factor is selected, and the controller design idea is consistent with the fuzzy
controller system, so there is no need to repeat its design process. However, its control
rules are obtained based on deviation approximation theory and operating experience, as
shown in Table 2.
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Table 2. The universe adjustment rules of ay, ap, and (3.

e

e
‘ NB NM NS z PS PM PB

NB PB PSNB PB NS NB PM NB NM PS NB NM PS NB NS ZNMZ ZPSZ
NM PB PS NB PB NS NB PM NB NM PSNM NS PSNM NS ZNSZ NSz Zz
NS PM Z NB PM NS NM PM NM NS PSNM NS ZNSZ NSNS PS NS ZPS

V4 PM ZNM PM NS NM PS NS NS ZNSZ NS NS PS NS NS PM NM Z PM
PS PS PBNM PS NS NS ZPSZ NS PSPS NS PS PS NM PS PM NM PB PB
PM PSPBZ ZNSZ NS PS NS NM PS PS NM PS PM NM PS PB NB PB PB
PB ZPBZ ZPMZ NM PM PS NM PM PM NM PS PM NB PS PB NB PB PB

2.3. Software and Hardware Design of the Control Module

The control module is the key to realizing the precise control of tillage depth by the
electronically controlled hydraulic suspension system. The software and hardware design
of this system are based on Freescale MC9512XS128.

2.3.1. Hardware Design of the Control Module

According to the requirements of system operation, the control module hardware
should have a virtual terminal, signal acquisition and processing, serial communication,
and signal output and drive units in addition to the basic circuit [23,24]. Its structure
principle is shown in Figure 5.

Electro-hydraulic
_proportional
directional valve

Drive
amplifier

Car
power

Wi .
Power Reset Debugging
management

U@Eﬁﬂ@

. D/A conversion
| Serial communication K— Control chip =
Control

. . MC9S12XS128
panel (— - — <:> Data storage module
|
1
l i)
: | Signal acquisition circuit

e e e m - o ﬁ _____ ﬁ _____________ i

‘ Force sensor

Position sensor

Figure 5. Block diagram of the hardware structure of each unit of the control module.

When the tractor works in tillage depth, the control chip MCU compares the target
parameter of the control panel and the feedback signal of the sensor element and then
calculates and processes it according to the set control algorithm, outputs the corresponding
PWM value after D/ A conversion, and amplification processing for the adjustment of the
opening degree and direction of the reversing valve, then adjusts the posture of the plow
and the height into the soil in real-time.

To avoid electromagnetic interference and ensure efficient and accurate signal trans-
mission, a 0.1 pF capacitor C17 is connected in series at the output terminal of the hardware
circuit, and other different units are packaged or soldered on the PCB board to obtain the
control module development board shown in Figure 6.
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Figure 6. Control module of operation system.

2.3.2. Software Design of the Control Module

As each unit of the control module has different functions, does not interfere with each
other, and has strong sharing characteristics, this paper introduces a modular theoretical
design system software program in the software design of the control module, and its
depth adjustment and algorithm analysis is shown in Figure 7.

Program
initialization

loating key closure

Read sensor A/D
conversion signal
v
Read operation panel
setting signal

v
Entry data preparation for
variable universe fuzzy
control strategy
v

Variable universe fuzzy
control strategy subroutine
¥
Measure PWM and output

omprehensive adjustie
key closure?

all floafing
subroutine

Figure 7. Design process of tillage depth adjustment.

When the joint automatic adjustment pin is at a low level, the system executes the joint
adjustment subroutine after initialization and judges whether the floating key is closed.
If it is closed, the system directly calls the floating adjustment subroutine and does not
execute the plow depth adjustment instruction. If the floating key is turned on, the system
transmits the information to the main control unit after completing the A/D conversion,
judging the adjustment mode required by the current state, calculating the PWM output
signal according to the corresponding algorithm, and then sending the lifting command to
the suspension unit. During the tractor farming process, the joint adjustment key is always
closed, and the system continues to execute the joint automatic adjustment subroutine until
the farming is completed, the joint adjustment key is opened, and the system returns to the
floating state, as shown in Figure 8.
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Figure 8. Design process of control algorithm.

3. Results

Whether the tractor farming system can play its control advantages in the intricately
changing soil environment requires experiments to compare its performance differences.

To enhance the target of tractor field trials and save research and development time
and costs, in this paper, the basic theoretical model of the plowing operation system shown
in Figure 9 is established based on Matlab/Simulink and compares and analyzes the
response of different control algorithms.

Pulse generator Oscilloscope 1 p
9 P Oscilloscope 2
random

number

Working variable ¢ S
window 5 - A lus
Set soil specific resistance p /KL Swileh :J
~J monitor 1

| Angular displ 1t conversion signal

: s 5
Weight coefficient Lot ’ ’ N .:;::1((:)) 2\::1((:)) —>|§|
Ky Ks : Plow Quadratire Actual traction F

Transfer Transfer ~ Kg width function
function 1 function 2

Controller

Traction force
conversion signal

. monitor 2 Actual tillage depth H
N

Figure 9. Basic theoretical model of plowing operation system.

Before the simulation starts, the simulation duration is set to 50 s and the weight
coefficient is set to 0.5. At the same time, to simulate the soil-mutation signal, a step signal
with a vibration amplitude of 0.4 and an action time of 2 s is added at 2 s. After the
simulation is turned on, the response of the three control algorithms of PID, fuzzy, and the
variable-universe fuzzy is shown in Figure 10 [25].

Comparing the simulation curves, it can be seen that the PID control response is
the fastest, but it has an overshoot of 19.2%, which takes 1 s to stabilize; although the
fuzzy control has no overshoot, its response is the slowest and takes 0.9 s to stabilize;
the variable-universe fuzzy control has no overshoot, and the response takes only 0.56 s
to stabilize. Comprehensive analysis, the variable-universe fuzzy control has superior
response characteristics.
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—— PID control
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Figure 10. Response curves of different control algorithms.

4. Discussion
4.1. Test Conditions and Scheme

To explore whether the variable-universe fuzzy control algorithm can maintain its
superior performance in actual tillage operations, the PH1404 tractor is used as the carrier,
and the 1LF-435 four-shaft flip plow is attached. A comparative test of three control
algorithms is performed on the same relatively flat test plot, and the test scene is shown in
Figure 11.

control panel
angle transducer

control

electro-hydraulic proportional valve

Figure 11. Field test scene of tractor.

After completing the preliminary preparations such as plow leveling and sensor
element calibration on the test plot, the tractor’s tillage depth is set to 25 cm, the traction
force is set to 7000 N, the weight coefficient is set to 0.5, and the operation speed is about
7.5 km/h with B2 gear in field trials.

4.2. Test Data Collection and Result Analysis

After the experiment, the tillage data of the three control algorithms were sorted and
analyzed, and the comparison curves of tillage depth and traction force of the operating
system under different control algorithms were drawn with the help of Matlab analysis
software, as shown in Figure 12.
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Figure 12. Comparison curves of tractor tillage depth and traction force test under different control
algorithms. (a) Variation curve of tillage depth. (b) Variation curve of traction.

According to Figure 12, in the early response stage (0-10 s) of the test, the PID control
has the fastest response speed, but the maximum tillage depth is 28.26 cm, the overshoot is
13.04%, and the maximum traction is 7848 N, which exceeds the set value of 12.11%, and it
takes 10.56 s to stabilize; the fuzzy control solves the problem of system overshoot, but its
response speed is slow, and the adjustment time is also increased to 13.43 s to reach the
target value; compared with the former two, the variable-universe fuzzy control not only
avoids the overshoot phenomenon but also improves the response speed and only takes
5.85 s to reach the steady state.

During the steady-state fluctuation phase of the experiment (20-60 s), the maximum
tillage depth of the PID control is 27.26 cm, the minimum is 24.12 cm, and the deviation
interval is 3.14 cm; the maximum traction force controlled by PID is 7625 N, the minimum
is 6783 N, and the deviation interval is 842 N. PID control farming uniformity is poor and
load fluctuation is obvious. The extreme value of the fuzzy control tillage depth is 26.53 cm
and 24.43 cm, respectively, and the extreme value of the traction force is 7425 N and 6871 N,
respectively, and the tillage quality has been improved. The extreme values of tillage depth
of the variable-universe fuzzy control are 26.35 cm and 24.75 cm, respectively, and the
deviation range is reduced to 1.6 cm; the extreme values of traction force are 7388 N and
6960 N, respectively, and the deviation range is improved to 428 N, so its work quality and
load stability have been significantly improved.

Therefore, by comparing the test results of the three control algorithmes, it can be seen
that the variable-universe fuzzy control responds quickly and has no overshoot; after the
steady state, its tillage depth and traction force fluctuation range are smaller, the engine
power output is more stable, its value is closer to the set target value, and it can provide
better soil preparation for crop growth.

5. Conclusions

To improve tractor field-farming quality and control accuracy, firstly, based on the exist-
ing operating system structure, the operation mechanism of comprehensive force—position
regulation is discussed, and at the same time, the variable-universe fuzzy algorithm with
intelligent attributes is introduced into the lifting and posture control of the electronically
controlled hydraulic suspension operating system. The software and hardware of the
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control module were designed based on the MC9512XS128 chip, and then the experimental
research was carried out. The test results show that the tillage-depth adjustment system
using variable-universe fuzzy control responds quickly and does not have overshoot prob-
lems; under normal tillage conditions, its tillage depth and traction forces are closer to
the expected value, which further improves the quality and efficiency of the system’s
operation. The variable-universe fuzzy control provides technical support for future field
management of intelligent agricultural machinery and intensive farming.

When variable domain fuzzy technology is applied to deep-tillage field operation, the
control system has high response speed without overshoot, which improves the reliability
of tillage; the traction fluctuation of this operation is small, which can better track the set
target value, improve the stability of farming, and further improve the quality of farming.
Variable-domain fuzzy control provides technical support for the future field management
of intelligent agricultural machinery and intensive agriculture.

6. Patents
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