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Design and experiment of fuzzy-PID based tillage depth control system for

a self-propelled electric tiller
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(1. College of Engineering, Nanjing Agricultural University, Nanjing 210031, China;
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Abstract: The research on the self-propelled electric tiller is vital for further improving the quality and efficiency of
greenhouse rotary tillage operation, reducing the work intensity and operation risk of operators, and achieving environmentally
friendly characteristics. Most of the existing self-propelled tillers rely on manual adjustment of the tillage depth. Moreover, the
consistency and stability of the tillage depth are difficult to guarantee. In this study, the automatic control method of tillage
depth of a self-propelled electric tiller is investigated. A method of applying the fuzzy PID (Proportional Integral Derivative)
control method to the tillage depth adjustment system of a tiller is also proposed to realize automatic control. The system uses
the real-time detection of the resistance sensor and angle sensor. The controller runs the electronically controlled hydraulic
system to adjust the force and position comprehensively. The fuzzy control algorithm is used in the operation error control to
realize the double-parameter control of the tillage depth. The simulation and experimental verification of the system are
conducted. Results show that the control system applying fuzzy PID can improve the soil breaking rate by 3% in the operation
process based on reducing the stability variation of tillage depth by 24%. The control strategy can reach the set value of tillage
depth quickly and accurately. It can also meet the requirement of tillage depth consistency during the operation.
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1 Introduction

Facility agriculture is the inevitable trend and development
direction of modern agricultural development. Compared with the
rapid development of international facility agriculture, the
mechanization degree of facility agriculture in China only accounts
for approximately 33%. The low level of mechanization and
intelligent operation remains one of the current difficulties!".
Ploughing is an important and basic link in agricultural production,
and the quality of the operation determines crop growth”. Micro
rotary tillers (MRTs), which can perform rotary tillage operations in
small and scattered fields and greenhouses, not only improve the
mechanization level of facility agriculture but also greatly reduce
the labor intensity of farmers”. In recent years, the demand for
intelligent agricultural vehicles in greenhouses has grown rapidly
with the annual increase in greenhouses. The remote unmanned
rotary tillage operation in the greenhouse has become a
breakthrough for solving the safety problems of traditional tillers™*..
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engineering,

The emergence of self-propelled electric MRTs has accelerated the
process of remote unmanned rotary cultivation in greenhouses.
However, it has also led to the key issue of whether the quality of
deep cultivation can be guaranteed. On the one hand, it is the
influence of battery capacity and power, and more importantly,
whether the consistency and stability of the rotary tillage depth can
be maintained during the rotary tillage operation’.

For a long time, domestic tillage machinery adjustment mostly
adopts the methods of force adjustment and displacement
adjustment to realize tillage depth control. Xia et al. used the
inclination sensor to realize the position adjustment during the
tractor operation'”. Zhou et al. obtained the kinematic model of the
depth control system by analyzing the Angle of the tractor four-bar
mechanism®. Liu et al. proposed a dynamic pressure feedback
correction method during tractor operation”. The use of these two
adjustment methods combines mechanical and hydraulic systems.
The resistance and position of the farming machinery are impossible
to detect during the actual operation. The tillage depth is controlled
by manual judgment. The precision of the tillage depth control is
low, whereas the operation stability is poor. Control methods that
combine force and displacement are widely used in mechanical
control. Zhang et al.'” used the hybrid force/position control
technology in studying the automatic blade grinding robot to ensure
the stability of the contact force and improve the quality of the
aviation blade. Wang et al.'! proposed a hybrid force/position
controller for robotic manipulator workspace based on adaptive
fuzzy control, which improves the control performance of contact
force and position in uncertain environments. Hence, a tillage depth
control method that can comprehensively adjust the force and
position was proposed. Ma et al.'"” applied the weighting coefficient
to the analysis of the comprehensive control of the force and
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position of the tractor. The research on the comprehensive
adjustment of force and position is mainly aimed at large tillage
equipment, such as tractors. However, the studies on the tillage
depth control of small self-propelled electric tillers are few. Li et
al.'¥ designed an electrohydraulic tillage depth adjustment system
based on the integral separation PID control method. The simulation
results showed that a considerable tillage depth overshoot exists and
the oscillation time is long. Unlike the linear system, the electro-
controlled hydraulic system for the self-propelled electric
microtiller cannot establish an accurate mathematical model;
therefore, the traditional control method based on the mathematical
model is difficult to realize in this system!*. Mohammadikia et al."”
applied fuzzy control theory to design an interval-2-type fractional-
order fuzzy PID (FPID) strategy, which effectively reduces uneven
surface fluctuations during tractor driving. Shafaei et al.l'
developed fuzzy depth and draft control system to decrease
variations in plowing depth as well as increase tractive efficiency of
a moderate power tractor in primary tillage operations with mounted
implements. The fuzzy control strategy has a good effect on the
intelligent control of nonlinear systems.

In summary, this paper innovatively applies the double
parameter control method of tillage depth to the self-propelled
electric micro tiller and puts forward the automatic measurement
method of rotary tillage depth through the control coefficient. The
FPID strategy is applied to convert the comprehensive adjustment
of force and position into the control of electric hydraulic expansion
through the control coefficient. The simulation and field
experiments were carried out to verify the reliability of the control
method. The innovative application of this control method can
effectively improve the operation accuracy of the self-propelled
electric micro tiller, make it meet the requirements of agricultural
modernization, reduce the labor force and improve the safety of
operation. It provides technical support for energy saving, cost
saving, and efficiency increase in facility agriculture, and plays a
certain role in promoting the development of agricultural unmanned
operation machinery.

2 System structure and working principle

2.1 Gross structure of self-propelled electric tiller

The gross structure of the self-propelled electric tiller is shown
in Figure 1. This electric tiller consists of three parts: electric
control part, mechanical part, and hydraulic part. The electronic
control part includes an angle sensor, a resistance sensor, and a
controller. The mechanical part includes a hydraulic lifting rod,
triangular support, and rotary tiller. The structure of the hydraulic
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1.Hydraulic unit 2.Controller 3.Hydraulic lift rod 4.Resistance sensor 5.Rotary
tiller 6.Triangular support 7.Angular displacement sensor 8.Microtillage

locomotive body

Figure 1  Gross structure diagram of the self-propelled

electric tiller

part, including the hydraulic gear pump, hydraulic cylinder,
hydraulic control valve, and pipeline, is illustrated in Figure 2. The
working principle of the electro-controlled hydraulic system is as
follows:

1) The angular displacement sensor and the resistance sensor
detect data. They convert these data into an electrical signal, which
is transmitted to the controller. After the controller calculates, it
obtains the actual rotary tillage depth signal.

2) The controller simultaneously collects the set signal as the
target signal of the tillage depth, compares the actual signal with the
target signal, and obtains the adjustment amount according to the
corresponding algorithm.

3) Then, the controller converts the adjustment amount into an
electrical signal and transmits this signal to the hydraulic system
control valve, which controls the lifting and lowering of the rotary
tiller. The angle sensor and the resistance sensor collect data after
completing the lifting and lowering of the rotary tiller.

4) The data are detected by the sensor and fed back to the
controller to realize the closed-loop control of the whole process.

Electrical
sensing unit

Resistance
sensor
Angle
sensor

Control unit

R

STM32
Controller

1.Gear pump motor 2.Motor relay 3.0il pressure lift solenoid valve 4.Hydraulic
oil injection port 5.Tank 6.Gear pump motor positive terminal 7.Gear pump
motor negative terminal

Figure 2 Schematic diagram of hydraulic unit structure

2.2 Structure of tillage depth control system

As shown in Figure 2, the structure of the tillage depth control
system consists of three main units, including electrical sensing,
control, and electro-hydraulic actuator units. The electrical sensor
unit uses the angular displacement sensor to obtain the lifting Angle
of the support end of the rotary tillage tool in real time and uses the
resistance sensor to obtain the resistance information of the
hydraulic lifting rod end in real time. The control unit adopts an
STM32 microcontroller, and the microprocessor transmits the
corresponding control signal to the electro-hydraulic execution unit
by comparing and calculating the input data of the electrical sensing
unit. The hydraulic control unit response can be divided into two
categories: controlling the hydraulic cylinder to raise and
controlling the hydraulic cylinder to descend. When the hydraulic
system control valve receives the rising signal, it controls the 48 V
battery to energize the motor relay. One wire connects the main
power supply to the positive pole of the relay, whereas the other
wire connects the negative pole of the relay to the negative pole of
the main power supply of the hydraulic motor to allow the current
to drive the hydraulic gear. The hydraulic gear pump delivers
hydraulic oil to the bottom of the hydraulic cylinder through the
pipeline. Thus, the piston rises to increase the rotary tiller height.
The control relay stops the power supply when the hydraulic system
control valve receives the descending signal. Moreover, the rotary
tiller relies on its weight to pull back the cylinder slide valve and
guide the hydraulic oil to return the hydraulic oil in the cylinder to
the oil tank through the pipeline; hence, the depth of the rotary
tillage operation is increased"”"’\.
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3 Automatic control method of tillage depth

3.1 Automatic detection model of tillage depth

The automatic detection of tillage depth during tractor farming
can be divided into direct measurement methods and indirect
measurement methods. In the direct measurement method, the
tillage depth is converted by measuring the relative position change
of the single-joint or parallel four-bar linkage profiling mechanism
and the plow frame™. This method is also commonly used in the
tillage depth detection of walk-behind tillers. In this method,
auxiliary devices must be added to construct the geometric
relationship and deduce the tillage depth. Moreover, automatic
control is difficult. In comparison, the indirect method uses a
position sensor to calculate the tillage depth value by measuring the
distance of the suspension from the ground or the change of the
rotation angle of the lifting arm of the suspension mechanism'. The
wheelbase of large-scale agricultural machinery, such as tractors, is
long. The posture of these vehicles is greatly affected by terrain
fluctuations. Thus, a combination of dual sensors is often used to
ensure the accuracy of tillage depth measurement. For this research,
the self-propelled electric tiller has the characteristics of small size,
flexibility, low vibration, and a relatively flat working environment.
The detection method of a single-angle displacement sensor is
adopted because of its economic benefits and other factors®?l, The
angular displacement sensor is placed at the hinge between the
triangular support and the microtiller body to detect the lifting angle
of the rotary tiller tool, establish the geometric relationship between
the tillage depth and the angle, and finally build the tillage depth
detection model.

Figure 3 shows the schematic diagram of the rotary tiller
support mechanism. The hydraulic lifting rod moves from the red
line position to the blue line position during the process. The piston
rod rises, thereby driving the cutter of the tiller to rise as a whole.
The hydraulic rod rotates clockwise around point 4. The triangular
support rotates clockwise around point F, and the rotation angle is
a. The height of the rotary tiller shaft from the surface layer is
increased from /4, to h;. Thus, the rotary tillage depth is reduced
from S, to S;. The following equations can be obtained by using the
geometric relationship to establish a mathematical model:

DE
s1=20m (1)
S2=¥—h2 2)

where, S; and S, are the depth of rotary tillage, mm; DE is known as
the diameter of the rotary tiller, mm; %; and 4, are the distance of
the cutter shaft from the ground, mm.

The value of the rotary tillage depth can be obtained as long as

s IS Surface layer
e -~~~ - ————— T -t(;g'- ------ Plough bottom layer 1
E Plough bottom layer II

Figure 3 Geometric relationship diagram of the rotary tiller
support mechanism

the distance between the knife axis and the ground during the rotary
tillage process of the tiller is known. The angular displacement
sensor can indirectly measure the distance from the rotary tiller
shaft to the ground. The rotation angle of the triangular support
around point F is set as a percentage of travel: set as 0% when the
rotary tiller is at the lower limit position and set as 100% when it is
at the upper limit position. The vertical height H of the rotary cutter
shaft relative to the ground is measured and recorded every 5% of
the stroke when the cutter rises from the lower limit position™*.
The relationship between the percentage of corner travel and the
height H of the cutter axis from the ground is obtained by fitting the
curve in a linear relationship, as shown in Figure 4.
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Figure 4 Linear fitting plot of angular travel percentage and
ground clearance

As shown in Figure 4, the linear relationship between the
height H of the rotary tiller shaft from the ground and the
percentage m of the angled stroke of the triangular support F' is

H=261m+56.19 (3)

The maximum angular displacement of the tiller’s triangular
support from the upper limit position to the lower limit position is
40°, corresponding to 100% of its angular travel percentage. The
percentage change of the corner stroke is 1%, and the corresponding
triangular support rotates 0.4° around point F. The linear
relationship between the height H of the rotary tiller shaft from the
ground and the rotation angle a of the triangular support around
point F is

H =6.525q+56.19 4)

Then, the linear relationship between the rotary tillage depth S

and the angle a is obtained as
S = % —H =108.81-6.525a ()
Since the working environment of self-propelled electric micro-
tillage is primarily flat land such as a greenhouse or orchard, and the
working width of micro-tillage is small, the self-propelled track
chassis on both sides has a certain flexibility. Therefore, the tilt
angle error in the model of tillage depth detection is neglected
without considering the left and right tilt of the body caused by the
poor surface flatness of the land™ >
3.2 Comprehensive regulation system of force and position
The traditional methods of adjusting the tillage depth of the
mechanical hydraulic system include force adjustment and position
adjustment. The electro-controlled hydraulic system can realize
various control methods, such as force adjustment, position
adjustment, and comprehensive adjustment of force and position”.
The force adjustment and position adjustment of the electronically
controlled hydraulic lifting

system have advantages and
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disadvantages. The position adjustment keeps the difference within
a small range by comparing the feedback signal of the tillage depth
sensor with the value of the input control signal. This method is not
affected by soil-specific resistance but is prone to large errors when
the terrain fluctuates greatly. The force adjustment obtains a control
signal by comparing the converted tillage depth value fed back by
the resistance sensor with the input tillage depth value to maintain
the rotary tillage resistance within a certain range. This method is
prone to large errors in land with small soil-specific resistance.
Nevertheless, it is not affected by terrain fluctuations. The
comprehensive adjustment of force and position combines the force
adjustment and position adjustment. The comprehensive adjustment
method of force and position can be easily realized in the electro-
controlled hydraulic system and has a good effect””. Tillage depth

control generally has two methods: switch switching and control
coefficient. The latter can obtain a good control effect by setting
parameters with long-term research and utilization value®. In
summary, the present research adopts the control coefficient method
to realize the comprehensive adjustment of the force and position of
the electric tiller.

The specific process is as follows: First, the data collected by
the angular displacement sensor and the resistance sensor are
converted into the actual rotary tillage depth by using the control
coefficient. Then, the obtained actual tillage depth value is
compared with the preset target tillage depth value. The difference
between the two is converted into a control signal output after the
fuzzy operation. The described principle of the comprehensive
adjustment of force and position is displayed in Figure 5.

Target
depth St Fuzzy controller
Control
Control o o signal
valve <+ Amplifying circuit Actual
signal
Resist: .
 J esistance Resistance F S
sensor
Hydraulic Ss=(x—1)S+xS'
system
Tillage
_— -
Angle sensor depth H S
Working
depth Ss

Figure 5 Principle diagram of comprehensive adjustment of force and position

The integrated control of force and position in the electro-
controlled hydraulic system takes the tillage depth as the control
signal®*),  Hence, the control coefficient x, defined as the
proportion of force regulation in the comprehensive regulation of
force position, is introduced. The proportion of force regulation in
the comprehensive regulation of force position can be controlled by
setting any value of x between 0 and 1.

As mentioned above, the actual tillage depth value S can be
obtained by converting the measured value of the angular
displacement sensor, and the soil resistance F can be obtained from
the measurement of the resistance sensor. Moreover, the soil
resistance can be converted into the tillage depth value S

F

5= ok (©)

where, £ is soil-specific resistance, N/mm?; b is tillage width, mm.

Then the actual tillage depth value Sg can be expressed by
controlling the proportion of S and S’ according to the control
coefficient x:

S5 =(x=1)S +x8’ (7)

The force-position comprehensive adjustment system can
simultaneously perform force adjustment and position adjustment.
The proportion of force adjustment to the whole adjustment is
determined by the size of x. The closer the x is to 1, the larger the
force adjustment is in the adjustment. The x value can be
appropriately increased when the cultivator encounters land with
large undulations, and the fuselage is not level during the rotary
tillage operation. The hydraulic system is adjusted depending on the
resistance change detected by the resistance sensor to adapt to the
changing direction of the tillage depth. When the soil-specific

resistance increases during the rotary tillage operation of the
microtiller, the adjustment direction of the tillage depth can be
corrected by appropriately reducing the x value and relying on the
angular displacement sensor to detect the change in the tillage
depth. This method of adjusting the tillage depth has a good effect
on the land with large changes in soil-specific resistance and the
ground with large variations in topography.

3.3 Control of tillage depth through the application of the PID
method

Fuzzy control does not depend on the mathematical model of
the control system; it is suitable for the electro-controlled hydraulic
system and is an intelligent control method®". A comprehensive
synchronous control strategy-FPID control system is formed by
combining fuzzy control with traditional PID control. FPID control
has a short response time, small overshoot, and good dynamic and
steady-state performance®.

The following is the basic principle of the FPID controller
applied in the present study: the depth control of the rotary tillage is
transformed into the displacement control of the oil cylinder
according to the corresponding relationship between the hydraulic
cylinder displacement of the microtiller and the depth of the rotary
tillage. Then, the control rule is established according to the
relationship between the correction parameter K of PID control and
the displacement error £ and the error rate of change AE of fuzzy
control. The input quantities are set as £ and 4E, moreover, the
output quantity is the control signal. The FPID control principle of
tillage depth is shown in Figure 6.

As shown in the Figure 6, the comprehensive adjustment
system of the force and position of the electric tiller comprises a
fuzzy controller and a PID controller. The input of the fuzzy
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Figure 6 Schematic diagram of FPID tillage depth control system

controller is the displacement error £ and the error rate of change LoNBNM o Ns o S PM_ PB
AE. The output includes the three correction coefficients 4Kp, AKi, g
and 4Kd of the PID controller. Then, the three parameters of the s 08
PID controller can be taken as i 0.6

K, = K, +AK, E 04

K; = Ky + AK; (® é) 0.2

K, =K, +AK, 0 . . . .
where, K, K, and K, are the initial values of proportional, —6 —4 -2 0 2 4 6
integral, and differential links, respectively, which are determined Theory of domain
by experience. Figure 7 Membership function diagram of each parameter

In the electric microtiller’s electro-controlled hydraulic system,
the displacement of the oil cylinder during farming is 0-55 mm. Table 1 Fuzzy control rule table of AK,
Thus, the basic domain of the displacement deviation £ of the oil AE
cylinder is [-55, 55]. The basic domain of the error rate of change £ NB NM NS 0 PS PM PB
AE is [-100, 100]. The basic domains of the three correction signals NB PB PB PM PM PS 0 0
AKp, AKi, and AKd are [-6.5, 6.5], [-2, 2], [-0.8, 0.8]. Given that M PB PB PM PS PS 1) NS
the fuzzy controller can only receive discrete data, the continuous NS PM PM PM PS 1) NS NS
variable input by the system must be discretized P*. The discrete 10) PM PM PS o) NS NM NM
universe of each parameter takes {—6, =5, -4, -3, -2,-1,0, 1, 2, 3, PS PS PS 10) NS NS NM NM
4,5, 6}, and the linguistic variables take seven fuzzy subsets {NB, PM PS o NS NM NM NM NB
NM, NS, O, PS, PM, PB}. According to the basic domain and PB 0 1) NM NM NM NB NB
quantization level of the input and output quantities, the
quantization factor and scale factor can be calculated as follows: k=
6/55=0.109, kyz = 6/100 = 0.006, k, = 6.5/6 = 1.083, kyy; = 2/6 = Table 2 Fuzzy control rule table of AK;
0.333, kg =0.8/6 =0.133. £ 4E
The fuzzy control rules of the electric tiller summarize the NB NM NS o PS PM PB

experience of human operation, which is expressed by fuzzy control NB NB NB NM NM NS o o
rules; the control rules should ensure the optimal dynamic and static NM NB NB NM NS NS o NS
performance of the controlled system”*. The common membership NS NB M NS NS o PS PS
functions of each fuzzy state are triangular, Gaussian, S, and ZP. o NM NM NS o PS PM PM
The triangular membership function has a simple operation and PS NM NS o PS PS PM PB
small memory occupation. Thus, the membership functions of each PM o o Ps PS PM PB PB
variable in this study are selected as triangles, as demonstrated in PB O o PS PM PM PB PB

Figure 7.

The fuzzy control rules used in this research are established
based on the summary of the operating experience according to the
magnitude of the input value at different times during the operation

The Table 1-3 above shows that the fuzzy rule bases are
constructed in this research to adjust the PID correction coefficients
Kp, Ki, and Kd, which are all two-dimensional. The K value is

of the self-propelled electric tiller and the relationship between the determined on the basis that the displacement error £ and the error
three correction coefficients. According to the working change rate AE jointly determine 4K. The surface graph of the K
characteristics of the electronic control system and the relationship value based on the fuzzy rule base is shown in Figure 8.

between the FPID control parameters, the fuzzy control rules are The output of the fuzzy controller must be de-fuzzified because

listed in Tables 1-3. the output of the PID controller used in this study should be
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Table 3 Fuzzy control rule table of AK;

AE

£ NB NM NS (6] PS PM PB
NB NB NB NM NM NS O O
NM NB NB NM NS NS O NS
NS NB NM NS NS O PS PS

O NM NM NS O PS PM PM
PS NM NS O PS PS PM PB
PM (6] (6] PS PS PM PB PB
PB (6] (6] PS PM PM PB PB

accurate data®*l. Fuzzy judgment should be used in converting

output into a precise quantity to achieve a good operation result of

Fuzzy logic

=

the membership function and obtain a precise control effect. In this
study, the center of gravity method is used to make fuzzy
judgments!'. It can be expressed as

> uN(xi)-xi
“TIST UNG) ©)

3.4 Simulation analysis of deep tillage FPID control system

According to the above method, the FPID control model
(Figure 9) are designed and established in Simulink of the Matlab
software. The control effects under different control coefficients are
compared. The simulation model of the self-propelled electric tiller’
s hydraulic system is finally established (Figure 10).

The simulation model established in Figure 11 is used to
simulate and analyze the comprehensive control of force and

Productl

Product2

Derivative 1 controller

INI Integrator1

OUT1

Derivativel

K, Adds

Figure 9  FPID controller model diagram

Control operation

PID controller

Fuzzy PID
controller

Scope 1

Product

Constant2

Manual switch2

Product ulse

Generator2

Scope 2

- K10
Control operation

Figure 10  Simulation model of the self-propelled electric microtiller’s electro-hydraulic system
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position of the self-propelled electric microtiller’s electro-controlled
hydraulic system. In the simulation, the response effect of the FPID
controller and the PID controller and the change of the tillage depth
under different control coefficients are detected by adjusting the
value of x to compare the response speed and maximum overshoot

of the two controllers. During the simulation, the control
coefficients are taken as 0.2, 0.5, and 0.8, and the corresponding
tillage depth target values are 13, 14, and 15 cm, respectively, to
reduce the influence of the tillage depth on the response time and
overshoot.

22 22 22
20 — PID 20 — PID 20 — PID
18 — Fuzzy PID 18 — Fuzzy PID 18 — Fuzzy PID
E 16} E 16 E 16
= 141 = 14 = 14
§ 12 H § 12 _qc’:}' 12
o 10 o 10 o 10
2 8f 2 8 2 8t
= 6 = 6 = 6
4 4 4
2 2 2
0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1
02 4 6 810121416182022 02 4 6 810121416182022 02 4 6 810121416182022
Time/s Time/s Time/s
Figure 11  Simulation results of the self-propelled electric microtiller’s electro-hydraulic system

The simulation results in Figure 11 show that the response
speed of the two controllers used in the self-propelled electric tiller
is fast. The difference is that when PID control is used, tillage depth
takes a 2.3 s transition time to reach the target tillage depth value,
and the maximum overshoot is more than 15%. The transition time
of FPID control is 2 s, and the overshoot is only within 5%. The
FPID control strategy can shorten the time required for the tillage
depth to reach the set value to a certain extent on the premise of
reducing the fluctuation amount. On the contrary, for FPID control,
when the control coefficients are 0.2, 0.5, and 0.8, the fastest
response time is 1.8, 2, and 2.3 s, and the maximum overshoot is
5%, 4%, and 3%. When the control coefficient is close to 0 and the
in situ adjustment plays the main control role, the response time is
relatively short, but the overshoot is large. The response time is
relatively long, but the overshoot is small when the control
coefficient is close to 1, that is, the force regulation plays the main
role. The with
comprehensive adjustment of force and position can adjust

control self-propelled electric microtiller
correspondingly to different expected requirements. It can also meet
the active adjustment under different operating conditions and the
automatic adjustment of the entire operation process.

In summary, the control strategy of applying FPID to the force-
position integrated electro-hydraulic control system has high control
precision, fast response speed, and small fluctuation range. It meets
the requirements for the uniformity and stability of tillage depth

control.

4 Fieldwork quality experiment of tillage depth
automatic control system

4.1 Experimental principle

The PID control system and the FPID control system are used
in adjusting the height and low position of the rotary tiller of the self-
propelled electric tiller, respectively, under different working
conditions to control the tiller depth and verify the field operation
performance of the tillage depth automatic control system using the
FPID control strategy. The quality of the rotary tillage operation of
the microtiller under different control modes is also tested to verify
whether it can meet the requirements for the uniformity and stability
of the tillage depth control®*¥. According to the specified
agricultural machinery operation standards, the important indicators
for judging the quality of rotary tillage are the coefficient of
variation V of the stability of the tillage depth and the rate of broken

soil E:

V= %XIOO% (10)

where, V' is the coefficient of variation for stability; S is the standard
deviation of tillage depth, mm; a is the average tillage depth, mm.

Ma (11)

E= a7 % 100%

where, E is the broken soil rate, M, is the mass of the soil block
with the longest side not greater than 5 cm, and M is the mass of the
soil block in the whole tillage layer within the area of 0.3 mx0.3 m.
4.2 Fieldwork quality experiment method

As displayed in Figure 12, the length of the experimental field
is 30 m. The soil moisture content of the experimental field is 20%,
obtained by the drying weighing method. The average rotational
speed of the rotary tiller during the experiment is selected as 300
r/min™*. Given the factors such as low weight and low power of the
self-propelled electric tiller, the tiller slips when the speed of the
rotary tiller is too fast and the tiller depth is deep; moreover, the
tillage operation is incomplete and other abnormal working
considerations occur®”’. Therefore, the two average operating speeds
are set to be 0.8 and 1.6 km/h. The target tillage depth values under
each operating speed are set as 100 and 150 mm, respectively. The
average operating speed and tillage depth values are combined into
four groups, as listed in Table 4.

The tillage depth adjustment system test is conducted under the

Figure 12 Experiment diagram of the working quality of the self-
propelled electric tiller

Table 4 Combination of test conditions of the tiller

Working condition number Target tillage depth/mm  Working speed/km-h'

1 100 0.8
2 150 0.8
3 100 1.6
4 150 1.6



https://www.ijabe.org

July, 2023

Xiao M H, etal. Design and experiment of fuzzy-PID based tillage depth control system for a self-propelled electric tiller

Vol. 16 No. 4 123

above four working conditions. Moreover, 20 m is taken as the
stable working area of the tiller, and 5 m at the front and back is
taken as the distance required for the tillage depth to reach the set
depth. The experiment is repeated three times under each working
condition, and the average value is taken as the test result. The
above experiments of micro-tiller under PID control and fuzzy PID
control are carried out respectively, and the specific experimental
process is as follows:

(1) Check the status of the machine to ensure the normal
operation of the electronic control system and the hydraulic system;

(2) Set up PID control algorithm or fuzzy PID control
algorithm;

(3) After the timing starts, make the micro-tiller start operation

and control the rotary tillage unit to reach the set height;

(4) Mark every 5 s the points that the micro-tiller passes
through as sampling points, and select 15 sampling points in total;

(5) When the micro-tiller has finished its operation, the actual
rotary tillage depth and soil breakage at the marked points are
measured manually.
4.3 Experimental results and analysis

The experiments are performed according to the above
experimental method, and the tillage depth value and soil breakage
rate of each marked point under different working conditions are
recorded. After data sorting, the fitting curve of the rotary tillage
depth under different working conditions is shown in Figure 13. The
broken soil rate of the rotary tillage operation is shown in Figure 14.
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Figure 13 Rotary tillage depth fitting curve under different control methods

120
=) L
£ 110
k=
2 100 P —
o
9]
2 0r — PID
IS — Fuzzy PID
80 1 — — Set value
0123456738 9101112131415
Sampling point
a. Working condition 1
120
=)
£ 110
k=]
2 100
o
9]
2 9% — PID
= — Fuzzy PID
= y
80 — — Set value
1 1 1 1 1 1 1 1 1 1 1 1 1 1
01 23456 7 8 9101112131415
Sampling point
c. Working condition 3
® Fuzzy PID
8
&
Q
g
E
o
5
3
%)
1 23 45 6 7 8 910111213 1415
Sampleing point
a. Working condition 1
® Fuzzy PID
8
&
&
<
B
3
8
=z
%]

1 23 45 6 7 8 9101112131415
Sampleing point

c. Working condition 3

%3 ® Fuzzy PID
92
Q
s 91
Q
g 90
3
2 8
'g 88
87
86
123 456 7 8 9101112131415
Sampleing point
b. Working condition 2
91
90 ® Fuzzy PID
= PID

Soil breakage rate
o]
~

1 23 45 6 7 8 9101112131415
Sampleing point
d. Working condition 4
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The calculated standard deviation of tillage depth and the
coefficient of variation of tillage depth stability are listed in Table 5.

Table 5 FPID control of deep tillage performance parameters

Working Target Average Star}dgrd Tillage depth ~ Broken
Control . . deviation o . .
No. method speed/ tillage tillage of tillage stability coefficient  soil
km-h" depth/mm depth/mm S of variation/%  rate/%
depth/mm
1 PID 0.8 100 98.6 6.35 6.44 873
2 FPID 0.8 100 101.2 5.68 5.62 89.1
3 PID 0.8 150 147.8 7.64 5.17 89.4
4 FPID 0.8 150 149.0 5.25 3.52 91.3
5 PID 1.6 100 100.9 9.97 9.88 84.3
6 FPID 1.6 100 100.4 6.62 6.60 86.8
7 PID 1.6 150 150.6 11.26 7.48 86.7
8 FPID 1.6 150 151.1 9.43 6.24 88.9

As shown in Figure 13 and Table 4, the self-propelled electric
tiller using PID control and FPID control in the actual operation
process can reach the set tillage depth value in a short time,
according to the simulation results of Simulink. The fluctuation is
kept stable within a certain range during the whole process of rotary
tillage. During the experiment, the obtained working results under
different working conditions vary because of the different set tillage
depth values and working speeds. As illustrated in Figure 13, the
maximum deviation between the actual tillage depth value and the
set value under different working conditions is 12 mm, and the
minimum deviation is 3 mm using the PID control method. The
average value of the standard deviation of the tillage depth is 8.8
mm, and the coefficient of variation of the average tillage depth
stability is 7.25%. The maximum deviation between the actual
tillage depth value and the set value under different working
conditions obtained using the FPID control method is 8 mm, and the
minimum deviation is 0 mm. The average value of the standard
deviation of the tillage depth is 6.7 mm, and the coefficient of
variation of the average tillage depth stability is 5.50%. Compared
with simple PID control, the PID control strategy using a fuzzy
algorithm reduces the variation of tillage depth stability by 24%. In
particular, the rotary tillage device using FPID control can decrease
the fluctuation range of tillage depth and keep the tillage depth
stable. The broken soil rate refers to the change rate of the soil
block volume before and after the rotary tillage operation of the
microtiller. The main factors affecting the broken soil rate include
the operating speed of the tiller, the rotational speed of the rotary
tiller, the depth of the rotary tillage, the soil moisture content, and
the rate of change of the tillage depth. In the present experiment, the
operating speed of the tiller, the rotational speed of the cutter, and
the soil moisture content are controlled to a certain value.
Moreover, the change in the broken soil rate under different
working conditions with different control methods is obtained, as
shown in Figure 14. The average broken soil rate under PID control
is 86.93%, and the average broken soil rate under FPID control
under the same conditions is 89.03% which increased the soil
crushing rate by 3%. Table 4 indicates that the microtiller using
FPID control can reduce the variation rate of tillage depth while
maintaining the fluctuation range of tillage depth. Thus, a high soil
breakage rate can be obtained, and the quality of rotary tillage
operations can be improved.

5 Conclusions

According to the farming characteristics and requirements of
the self-propelled electric tiller, the method of introducing the

control coefficient is used in the present study to investigate the
comprehensive control of the force and position of the tiller’s
electro-controlled hydraulic system. A dual-parameter control
model of tillage depth is established. In the process of variable
analysis, the control strategy of FPID is applied to control tillage
depth uniformity. The main conclusions from the simulation
analysis and field experiments are as follows:

(1) The tillage depth control system designed in this study can
reach the set operating depth within 2.4 s after issuing the
instruction. Moreover, the maximum overshoot is less than 5%. The
tiller obtains high control accuracy, fast response speed, and small
fluctuation range by applying the comprehensive control strategy of
force and position. It also reaches the preset tillage depth quickly
and accurately.

(2) Compared with PID control alone, the PID control strategy
using fuzzy algorithm reduced the variation of tillage depth stability
by 24%, and the soil breakage rate is increased by 3%. The
microtiller applying the FPID control strategy can maintain tillage
depth stability at all times during the operation process and meet the
requirement of tillage depth consistency.

(3) The application of the FPID control strategy and the
comprehensive adjustment of force and position realized the electro-
hydraulic control of the electric tiller’s tillage depth. The control
precision and work efficiency of the self-propelled electric tiller’s
rotary tillage operation is improved. Moreover, the utility model has
strong practicability. Furthermore, the research on the depth control
of self-propelled electric tillers is elevated to a certain extent.

Acknowledgements

The research is funded partially by the Agricultural Science and
Technology Independent Innovation Fund of Jiangsu Province
(CX(22)3101), State Key Research and development program
(2022YFD2001204), and the Modern Agricultural Machinery
Equipment and Technology Promotion Project in Jiangsu Province
(NJ2021-26).

[References]

[1] Wang L, Chen J, Hu C, Zhang M, Luo Z, Fang J. Research status and
analysis of electric tiller. Chinese Journal of Agricultural Machinery, 2020;
41(1): 229-236.

[2] Behera A, Raheman H. Effect of peripheral to forward speed ratio on
overall performance an active tillage implement: tractor drawn rotavator.
Journal of The Institution of Engineers (India): Series A, 2021; 102(4):
981-988.

[31] Du Z H, Chen Y Y, Zhang J, Han X M, Geng A J, Zhang Z L.
Development status and prospect of rotary tillage machinery at home and
abroad. Journal of Chinese Agricultural Mechanization, 2019; 40(4):
43-47. (in Chinese)

[4] LinY, Chen Q, Zhang H, Ma Y, Zeng W, Wei G, et al. Design and test of a
positioning system for a greenhouse electric micro-tiller based on ultra-
wideband. Mechanical Sciences, 2022; 13(1): 225-237.

[5] Maraveas C, Piromalis D, Arvanitis K G, Bartzanas T, Loukatos D.
Applications of IoT for optimized greenhouse environment and resources
management. Computers and Electronics in Agriculture, 2022; 198:
106993.

[6] Nielsen S K, Munkholm L J, Lamandé M, Nerremark M, Edwards G,
Green O. Seed drill depth control system for precision seeding. Computers
and Electronics in Agriculture, 2018; 144: 174-180.

[7] Xia J, Li D, Liu G, Cheng J, Zheng K, Luo C. Research on electro-
hydraulic monitoring system for tractor-mounted deep tillage based on
angle detection. Journal of Agricultural Machinery, 2021; 52(8): 386-395.

[8] Zhou M, Xia J, Zhang S, Hu M, Liu Z, Liu G, et al. Development of a
depth control system based on variable-gain single-neuron PID for rotary
burying of stubbles. Agriculture, 2021, 12(1): 30.

[9] LiuC, Hua B, DuY, Li Z, Zhu Z, Mao E. Research on dynamic pressure


https://doi.org/10.1007/s40030-021-00567-4
https://doi.org/10.5194/ms-13-225-2022
https://doi.org/10.1016/J.COMPAG.2022.106993
https://doi.org/10.1016/j.compag.2017.12.008
https://doi.org/10.1016/j.compag.2017.12.008
https://doi.org/10.3390/agriculture12010030
https://www.ijabe.org

July, 2023

Xiao M H, et al.

Design and experiment of fuzzy-PID based tillage depth control system for a self-propelled electric tiller

Vol. 16 No. 4 125

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

feedback correction method of tractor electro-hydraulic suspension system.
Journal of Agricultural Machinery, 2020; 51(S1): 535-541.

Zhang H, Li L, Zhao J, Zhao J, Liu S, Wu J. Design and implementation of
hybrid force/position control for robot automation grinding aviation blade
based on fuzzy PID. The International Journal of Advanced Manufacturing
Technology, 2020; 107(3): 1741-1754.

Wang Z, Zou L, Su X, Luo G, Li R, Huang Y. Hybrid force/position
control in workspace of robotic manipulator in uncertain environments
based on adaptive fuzzy control. Robotics and Autonomous Systems, 2021;
145: 103870.

Ma Y, Li R, Xu J, et al. Research on fuzzy PID automatic control strategy
for tractor tillage depth. Agricultural Mechanization Research, 2019; 41(1):
241-247.

LiD, YeJ, Li M, Li C, Xu H. Research on tillage depth adjustment system
based on integral separation PID control. Journal of Southwest Normal
University (Natural Science Edition), 2018; 43(4): 121-127.

Zhao G, Xia C. Research on tractor slip rate control based on SimulationX.
Agricultural Mechanization Research, 2021; 43(10): 240-245.
Mohammadikia R, Aliasghary M. Design of an interval type-2 fractional
order fuzzy controller for a tractor active suspension system. Computers
and Electronics in Agriculture, 2019, 167(C) : 105049-105049.

Shafaei S M, Loghavi M, Kamgar S. A practical effort to equip tractor-
implement with fuzzy depth and draft control system. Engineering in
Agriculture, Environment and Food, 2019, 12(2): 191-203.

Kocsis G, Xydis G. An evaluation framework on additive manufacturing
for hydraulic systems in wind turbines focused on system simplification.
Modelling, 2021; 2(2): 327-343.

Berne L J, Raush G, Gamez-Montero P J, Roquet P, Codina E. Multi-point-
of-view energy loss analysis in a refuse truck hydraulic system. Energies,
2021; 14(9): 2707.

Zhao J, Xiao M, Bartos P, Bohata A. Dynamic engagement characteristics
of wet clutch based on hydro-mechanical continuously variable
transmission. Journal of Central South University, 2021; 28(5): 1377-1389.
Wang M, Wu Z, Huang Y. Application research of electric control system
in tractor tillage depth control. Agricultural Mechanization Research, 2020;
42(2): 265-268.

Wang Y, Jing H, Zhang D, Cui T, Zhong X, Yang L. Development and
performance evaluation of an electric-hydraulic control system for
subsoiler with flexible tines. Computers and Electronics in Agriculture,
2018; 151: 249-257.

Wei W, Shang Y, Peng Y, Cong R. Prediction model of sound signal in
high-speed milling of wood-plastic composites. Materials, 2022; 15(11):
3838-3848.

Wei W, Cong R, Li Y, Ayodele D A, Yang C, Chen Z. Prediction of tool
wear based on GA-BP neural network. Proceedings of the Institution of
Mechanical Engineers Part B-Journal of Engineering Manufacture, 2022,
236(12): 1564-1573.

Wang Q, Zhang Q, Zhang Y, Zhou G, Li Z, Chen L. Lodged
sugarcane/crop dividers interaction: analysis of robotic sugarcane harvester
in agriculture via a rigid-flexible coupled simulation method. Actuators.
MDPI, 2022; 11(1): 23.

Hou Y, Xu X M. High-speed lateral stability and trajectory tracking
performance for a tractor-semitrailer with active trailer steering. PloS One,

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

2022; 17(11): 0277358.

Li X, Zhu L, Gong S. Soil-cutting simulation and dual-objective
optimization on tillage process parameters of micro-tiller by smoothed
particle Galerkin modeling and genetic algorithm. Computers and
Electronics in Agriculture, 2022; 198: 107021.

Zhang W, Liu M, Xu L. Design and simulation of electric tractor hydraulic
suspension system. Machine Tools and Hydraulics, 2022; 50(2): 93-98.
Yang S, Zhang L, Zhang H, Xu F, Li G. Research on automatic
measurement and control method of suspended subsoiler tillage depth.
Agriculture and Technology, 2019; 39(24): 56-58.

Yun J, Sun Y, Li C, Jiang D, Tao B Li G, et al. Self-adjusting force/bit
blending control based on quantitative factor-scale factor fuzzy-PID bit
control. Alexandria Engineering Journal, 2022; 61(6): 4389-4397.

Jing H, Zhang D, Wang Y, Yang L, Fan C, Zhao H, et al. Development and
performance evaluation of an electro-hydraulic downforce control system
for planter row unit. Computers and Electronics in Agriculture, 2020; 172:
105073.

Pei G, Huang J, Ai S, Yu W, Xiong A, Jin S. Design of temperature and
humidity fuzzy control system based on STM32 tea infrared greening
machine. Modern Electronic Technology, 2020; 43(19): 79-83.

Dogruer T, Can M S. Design and robustness analysis of fuzzy PID
controller for automatic voltage regulator system using genetic algorithm.
Transactions of the Institute of Measurement and Control, 2022; 44(9):
1862-1873.

Yang H, Xia C, Han J, Chen C, Zhang H. Model and dynamic performance
analysis of mountain tractor suspension implements. IOP Conference
Series: Earth and Environmental Science. IOP Publishing, 2020; 508(1):
012194.

Kim J C, Huh J H, Ko J S. Optimization design and test bed of fuzzy
control rule base for PV system MPPT in micro grid. Sustainability, 2020;
12(9): 3763.

Zhou X, Wang J, Huang L, Li D, Duan Q. Modelling and controlling
dissolved oxygen in recirculating aquaculture systems based on mechanism
analysis and an adaptive PID controller. Computers and Electronics in
Agriculture, 2022; 192: 106583.

Wang Y, Zhang D, Yang L, Cui T, Zhang W, Qi B, et al. Field
performance of an electric—hydraulic control system for vibrating subsoiler
with flexible tines. Computers and Electronics in Agriculture, 2020; 172:
105377.

Kim Y S, Siddique M, Kim W S, Kim Y J, Lee S D, Lee D K, et al. DEM
simulation for draft force prediction of moldboard plow according to the
tillage depth in cohesive soil. Computers and Electronics in Agriculture,
2021; 189: 106368.

Xu X M, Wang Y Qn, Wang Y W. Influence of magnetic field on sound
transmission loss of Magnetorheological fluids. Materials, 2022; 15(17):
6032.

Zhu L, Ge J R, Cheng X, Peng S S, Qi Y Y, Zhang S W, et al. Modeling of
share/soil interaction of a horizontally reversible plow using computational
fluid dynamics. Journal of Terramechanics, 2017; 72: 1-8.

Wu J, Ling C, Chen Y, Li Z, Song F, Raghavan G S V, et al. Monitoring
and control of microwave drying with volatiles detection of celery stalks.
Computers and Electronics in Agriculture, 2021; 187: 106256.


https://doi.org/10.1016/j.robot.2021.103870
https://doi.org/10.1016/j.eaef.2018.12.008
https://doi.org/10.1016/j.eaef.2018.12.008
https://doi.org/10.3390/modelling2020017
https://doi.org/10.3390/EN14092707
https://doi.org/10.1007/s11771-021-4709-7
https://doi.org/10.1016/j.compag.2018.06.027
https://doi.org/10.3390/ma15113838
https://doi.org/10.1177/09544054221078144
https://doi.org/10.1177/09544054221078144
https://doi.org/10.1177/09544054221078144
https://doi.org/10.1177/09544054221078144
https://doi.org/10.3390/act11010023
https://doi.org/10.1371/journal.pone.0277358
https://doi.org/10.1016/j.compag.2022.107021
https://doi.org/10.1016/j.compag.2022.107021
https://doi.org/10.1016/j.aej.2021.09.067
https://doi.org/10.1016/j.compag.2019.105073
https://doi.org/10.1177/01423312211066758
https://doi.org/10.1088/1755-1315/508/1/012194
https://doi.org/10.3390/su12093763
https://doi.org/10.1016/j.compag.2021.106583
https://doi.org/10.1016/j.compag.2021.106583
https://doi.org/10.1016/j.compag.2020.105377
https://doi.org/10.1016/j.compag.2021.106368
https://doi.org/10.3390/ma15176032
https://doi.org/10.1016/j.jterra.2017.02.004
https://doi.org/10.1016/j.compag.2021.106256

	1 Introduction
	2 System structure and working principle
	2.1 Gross structure of self-propelled electric tiller
	2.2 Structure of tillage depth control system

	3 Automatic control method of tillage depth
	3.1 Automatic detection model of tillage depth
	3.2 Comprehensive regulation system of force and position
	3.3 Control of tillage depth through the application of the PID method
	3.4 Simulation analysis of deep tillage FPID control system

	4 Fieldwork quality experiment of tillage depth automatic control system
	4.1 Experimental principle
	4.2 Fieldwork quality experiment method
	4.3 Experimental results and analysis

	5 Conclusions
	Acknowledgements
	References

