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Abstract: Enhancing the intelligence of Tiger nut harvesting equipment with the advancement of agricultural
machinery is imperative. The conveying and separating device, a critical component of Tiger nut harvesters,
faces efficiency issues due to mismatches between excavation feed rate and conveying separation capacities. A
visualized Tiger nut harvesting device was designed to address this, incorporating parameters like conveying
speed, torque, vibration frequency, and excavation depth. The device comprises a mechanical execution part
and an automatic control system, the latter including modules for screw speed, torque, excitation frequency,
and excavation depth control. Based on mechanical design analysis, control parameters and methods for each
module were defined. An adaptive B-PID controller was proposed for trajectory tracking, combining
backstepping and PID. A control model accounting for motion damping and error compensation was derived.
Simulink simulations compared B-PID with backstepping controllers, showing B-PID's stable and effective
trajectory tracking. Actual experiments assessed mechanical-control coordination using relative error metrics.
The results showed that the maximum relative error of rotation speed was 3.8 %, the maximum relative error
of frequency was 3.67 %, and the maximum relative error of excavation depth was 1.5 %. Correction models
for excavation depth and excitation frequency parameters were established. This study can provide a
theoretical basis and support for the intellectualization of Tiger nut harvesting machinery.

Keywords: tiger nut; harvester; transportation separation; automatic control; B-PID

1. Introduction

The Tiger nut, scientifically called Cyperus esculentus, represents a multifunctional economic
crop that synergistically combines grain, oil, and animal husbandry. Characterized by its well-
developed root systems, robust adaptability, and pronounced stress resistance, this species exhibits
significant potential for agricultural and ecological applications [1-3]. The extensive cultivation of
Tiger nuts on a large scale not only facilitates the amelioration of sandy land and the mitigation of
wind and sand erosion but also significantly augments farmers' economic revenue, thereby
enhancing public living standards [4]. Xinjiang is an important production area for Tiger nuts in
China, and harvesting is a crucial step in the production of Tiger nuts [5].

The conveying and separation mechanism constitutes a pivotal core technology within the
framework of the Tiger nut harvester, garnering extensive scholarly attention and yielding notable
advancements globally. Historically, the pioneering Tiger nut harvester introduced in Spain
employed a vibrating screen configuration to separate Tiger nut, a design paradigm that continues
to inform contemporary principles of operation [6]. Zhao Zhuang et al. [7] designed a scraper-type
Tiger nut conveying device and studied the effects of parameters such as scraper height, width, and
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spacing on conveying performance. He et al. [8] designed a vibrating chain plate conveying structure
and studied the effects of parameters such as vibration frequency and amplitude on soil screening
efficiency.

In recent years, a considerable body of research has focused on integrating mechanical
components with sensor technology, control algorithms, and other advanced methodologies to
enhance the intelligence of agricultural production processes [9-13]. Cheng Pengfei et al. [14] used a
distance sensor to collect the thickness signal of potato chunks during transportation. After being
processed by a PLC control system, the program automatically controlled the frequency converter to
adjust the frequency converter motor, achieving the constant sorting flow rate requirement for potato
cleaning equipment. Chen Zhiwei et al. [15] built a measurement and control system for the Tiger nut
separation and cleaning test bench, which achieved precise speed control, essential test data
acquisition, feeding system control, and other functional requirements. According to the
requirements of the test bench, the PID control algorithm was added to the blower speed control to
achieve the goal of precise control. Lou Xiuhua et al. [16] proposed a dual objective joint control
strategy and control algorithm. They built a corn joint harvester cleaning control system, achieving a
cleaning loss rate of 2.7% and an impurity rate of 2.8%. Shangguan Zechao et al. [17] designed a corn
harvester monitoring and control system based on STM32 and implemented fuzzy PID control for
nonlinear control systems. Wei Dexin et al. [18] developed an online monitoring system for the
cleaning loss of corn kernel harvesters. The average cleaning loss rates measured by the monitoring
system were 1.41%, 1.58%, and 1.83% at working speeds of 0.8, 1.0, and 1.2 m/s, respectively.
Mirzazadeh et al. [19] developed a grain cleaning system for combined harvesters and proposed an
RSM model for the cleaning grain harvesting system. They determined the optimal conditions for
grain particles to pass through the upper and upper screens: feed rate of 3.33 kg/s, fan speed of 742
rpm, aperture of 10mm, and ideal value of 0.84.

Based on the above research, aiming at the problems of low efficiency caused by the mismatch
between the amount of digging feed and the amount of conveying separation in the existing Tiger
nut harvesting and conveying separation device, we designed a Tiger nut harvesting and conveying
separation device, which can realize the functions of visualization and adjustment of operating
parameters such as conveying speed, conveying torque, vibration frequency and digging depth. A
torque sensor and dip angle sensor were used to obtain parameters such as auger torque and digging
depth, and the B-PID adaptive controller was applied to track and detect the digging depth trajectory.
On this basis, the relative error was finally taken as the evaluation index. The coordination between
mechanical execution and automatic control was tested to support the development of intelligent
harvesting technology and equipment for Tiger nuts in the Xinjiang sandy area.

2. Materials and Methods
2.1. Overall Instrument Structure and Working Principle

2.1.1. Overall Instrument Structure

The harvesting and conveying separation device mainly consist of a rotary tillage excavation
device, a five-stage screw conveying device, a vibrating screen, an automatic control system, and a
frame. Among them, the rotary tillage excavation device mainly comprises rotary tillage blades,
shovels, depth-limiting wheels, etc. The five-stage screw device is mainly composed of the first-stage
screw, the second-stage screw, the third-stage screw, the fourth-stage screw, and the fifth-stage screw.
The vibrating screen mainly comprises a vibrating front screen, a rear screen, and an excitation device.
The automatic control system is mainly composed of a screw speed control module, a screw torque
detection module, an excitation frequency control module, and an excavation depth detection
module. Set the speed and excitation frequency parameters of each level of helical screw through the
human-machine interaction interface inside the control box. The screw torque detection module uses
torque sensors to measure the torque generated by each level of helical screw during operation. The
excavation depth detection module mainly uses the inclination angle of the depth limiting wheel
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measured by the inclination sensor to calculate the excavation depth of the rotary tiller, thereby
reflecting the harvester's material feeding amount per unit of time. The overall structure is shown in
Figure 1.

1. Rack 2. Power input device 3. First-stage screw 4. Twister power device 5. Second-stage screw 6. Third-stage
screw 7. Fourth-stage screw 8. Material bin 9. Fifth-stage screw 10. Vibration rear screen 11. Excitation device 12.
Vibration front screen 13. Torque sensor 14. Depth limiting wheel 15. Tilt angle sensor 16. Rotary tillage
excavation device 17. Electric control box

Figure 1. The overall structure of the harvesting, conveying, and separation device.

2.1.2. Working Principle

During the operation, the rotary tillage digging device throws the excavated mixture of Tiger
nuts, roots, complex, and a large amount of sand into the vibrating screen. It throws the mixture
through the axial movement of the same level and the radial movement between the adjacent two
levels of the screw. The interaction between the excitation device and the front and rear screen bodies
causes the screen bodies to move away from each other. At the same time, the return spring pulls the
screen bodies closer, resulting in a reciprocating periodic vibration of the screen bodies. Currently,
the lower-monitor PLC receives instructions from the upper-monitor HMI through the 1O port to
control the speed and excavation depth of the screw and then outputs the specific values of speed
and depth to the HMI interface through analog signals.

Under the combined action of spiral conveying and vibrating screen body, the mixture is in a
loose state, which is conducive to the discharge of sand in the gaps between the screen strips and to
the destruction of the composite's structural state. This promotes the separation of Tiger nuts and
roots from the sand. The technical parameters of the harvesting, conveying, and separation test bench
are shown in Table 1.

Table 1. Technical parameters of harvesting, conveying and separation test bench.

Parameters Numerical value
Lengthxwidthxheight/ (mm x mm x mm) 4900%2600 x1600
Working width/mm 1600
Total power/ kW 33
Frequency adjustment range/Hz 0~25
Adjustment range of conveying speed/ (r/min) 0~380
Mining depth adjustment range/ (mm) 0~200

2.2. Design of Screw Conveyor Speed Control Module

2.2.1. Analysis of the Speed Range of Screw Conveyor
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In the process of throwing materials such as sand, the speed of the previous stage of the screw
determines the feeding line speed of the subsequent stage of the screw. That is, as the speed of the
screw increases, the starting throwing line speed increases, as shown in Figure 2. When the starting
throwing speed Ve is set to a smaller value during the process of throwing sand, due to the gravity
of the material itself, a motion trajectory /: will be formed. The material will not be directly thrown to
the axial action zone of the screw, resulting in material accumulation at the lower end of the screw,
which is not conducive to transportation. When the throwing speed Vs is high, the sand will be
thrown to the inner side of the machine cover at the upper end of the screw and rebound and will
not fall into the screw for axial movement. Its motion trajectory is Is. When the starting throwing
speed Ve is a specific value, and between the larger and smaller values, the sand will be thrown into
the screw and move axially along with the rotation of the screw, with a motion trajectory of l2. To
ensure that a large amount of sand can be thrown into the screw for axial transport, increase the
retention time of materials in the screw, and improve the efficiency of sand removal, it is necessary
to obtain the motion trajectory line of the material as [z, which requires that the rotation speed of the
screw should not be too high or too low. In the later experimental variable selection, the rotation
speed of the screw needs to be studied, and the variable range should be selected based on the
previous research group's determination that the maximum rotation speed of the screw is 280 r/min
[20].

Figure 2. Analysis of material velocity during the post throwing process.

When materials such as sand are thrown into the next-level screw conveyor, there will be an
optimal area for material throwing on the next-level screw conveyor. The coordinates of point D are
(0,0). To ensure that the material is smoothly thrown into the optimal area of the next level screw, the
following conditions must be met.

L=V,t+R cosa
1
H :Vyt—zgt
V, =V, coso 1)
V, =V, sino
V, =(1-pN,

In the formula, L is the horizontal distance between the material and the screw shaft when it
reaches the highest point, 580 mm; H is the vertical distance between the material and the screw shaft
when it reaches the highest point is 210-400 mm; For the sieve radius, Rs is 0.254 m; Vx is the X-
direction component of the initial velocity of the material; Vy is the Y-direction component of the
initial velocity of the material; 1 is the time it takes for the material to reach the highest point; « is
the angle between the machine and the ground, taken as 10 °. ¢ is the angle between the material
throwing speed and the ground, 65.5 °; 1t is the friction coefficient between sand and steel, 0.43; Vq is
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the linear velocity of the material at the edge of the previous screening body; V¢ is the initial velocity
at which the material is thrown out.

Then, the initial velocity of sand particles can be calculated from equation (1) to be 2.5~3.2 m/s.
Then, the linear velocity of the material at the edge of the previous screen body is 4.5~5.7 m/s.
According to equation (2), to get the minimum rotational speed of the screw is 169 r/min. Due to the
actual screen body and the screw, there is a gap filled with a large amount of sand and soil and other
mixtures, so the actual operation process will cause the reduction of the material at point B linear
velocity to achieve the target linear velocity, the minimum value of the rotational speed of the screw
should be greater than 169 r/min.

n= ”Rq )

The variables v4, n and Rs are defined as follows:
vq is the linear velocity of the material at the edge of the previous screen body, m/s; n is the
rotational speed of the screw shaft, r/min; Rs is the rotational radius of the screen mesh, m.

2.2.2. Screw Speed Control System

When the screw device is working, the operator first selects the required screw speed on the
HMI. The upper computer HMI transmits instructions to the lower computer PLC via a
communication signal. Upon receipt of the signal, the PLC transmits the instruction to adjust the
frequency converter, which then adjusts the speed of the motor by modifying the frequency of the
motor's working power supply, thereby achieving the desired regulation of the rotational speed of
the screw. The corresponding flow chart is presented in Figure 3.

Communication

0| T e
OO0 = =0 = —
Select the required PLC receives instructions

speed from the HMI P
Control the speed of the screw

o]

il

After receiving the signal, the
frequency converter adjusts
the speed of the screw

Figure 3. Screw speed control process.

The screw speed control device mainly includes a touch screen, PLC, motor, inverter, and other
hardware. Tiger nut mainly grows on sandy soil, dusty in the harvest; therefore, check the relevant
research [21-23]; according to the harvesting equipment, the working environment must be isolated
from the outside world to choose a resistive touch screen to ensure the regular operation of the
equipment: comprehensive price, functional and environmental requirements, and the MT60711Q
resistive touch screen selection. PLC selection should be combined with the actual needs of the work,
according to the number of input/output ports (I/O), the number of functional modules required, the
working environment, processing speed, and other needs to choose from. After reviewing the
relevant literature [24-28], the actual work needs of the Tiger nut harvester are used to select the ES2
host of the DVP series of DELTA. The PLC connects to the HMI through the R5422 port, connects to
the six frequency converters through the RS485 communication port, and connects to the analog
expansion module through the communication line. In the operation process, mainly through the
screw conveying vibration screening after the removal of Tiger nut, straw, etc., to facilitate the control
and reliable operation, the selection of the YE3 series of three-phase induction motors. Combined
with the actual needs of Tiger nut harvesting equipment, choose Canroon's CV900G series frequency
converter, which can be used to adjust the frequency of the drive motor.

2.3. Torque Detection Module for Screw

2.3.1. Modal Analysis of Screw Structure
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The screw mainly consists of a screw shaft and left-rotating and right-rotating spiral blades
welded together, the screw is made of Q235 material, and the surface of the screw shaft is treated
with a blackening process. In the Tiger nut, root, and soil mixture for conveying, high-speed rotation
of the screw shaft and blade easy to produces vibration, and the whole machine in the work of
vibrating screen screening process will also cause vibration of screw parts. Resonance will cause
fatigue damage to structural components, affecting the normal efficiency of the screw and prone to
cause accidents. Therefore, the modal analysis of the screw was carried out by using Workbench
software, and the first six natural frequencies of the screw were obtained. The maximum
displacement deformation of the screw shaft and the spiral blade at different frequencies was
analyzed, and its safety and design rationality were tested. Imported the screw model completed by
SolidWorks software into Workbench software, set the model material as Q235, and meshed the
screw model, resulting in a total of 257,001 nodes and 105,018 units. The constraint was added at the
bearing installation at both ends of the screw shaft, and the first six modes were selected for solution.
The numerical simulation results are shown in Figure 4 and Table 2.

(e) (f)

Figure 4. Modal analysis of the first six orders of vibration of screw. (a) First order; (b) Second order;
(c) Third order; (d) Fourth order; (e) Fifth order; (f) Sixth order.

Table 2. Technical parameters of harvesting, conveying and separation test bench.

Inh Maxi
Orders nherent axufmm Vibration mode description
frequency/Hzdeformation/mm

The opposite bending deformation of the left-handed and

1 116.54 13.887 right-handed blades (Z-direction)
The bending deformation of the left-handed and right-

2 119.24 141

? 8 handed blades in the same direction (Z-direction)
3 133.14 8.179 Bending deformation along the Y-direction
4 133.41 9.083 Bending deformation along the X-direction
5 255.34 23.44 Isotropic bending deformation of spacer blades (Z-direction)
6 264.53 21.33 The bending deformation of both ends of the blade and the

middle blade in the same direction (Z-direction)
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It can be seen from Table 3 that the first six natural frequencies of the screw were 116.94 ~ 264.53
Hz, and the displacement deformation was 8.179 ~ 23.44 mm. The sixth-order mode has the highest
natural frequency (264.53 Hz), while the fifth-order mode has the largest displacement deformation
(23.44 mm). Each natural frequency has its corresponding vibration mode. The intensity distribution
of vibration in each part and its vibration response under the corresponding mode. In the first six
natural frequencies of the screw, the values between the adjacent two natural frequencies were very
close. The natural frequencies corresponding to each other were only different in the vibration
direction, and the shape of the vibration mode was very similar. It can be seen from Figure 4 that the
vibration of the screw was mainly the bending deformation of the center of the screw shaft and the
spiral blade. Under the conditions of the first, second, fifth, and sixth-order vibration modes, the
maximum deformation of the screw was located at the outermost end of the spiral blade. Under the
conditions of the third and fourth-order vibration modes, the maximum deformation was located at
the center of the screw shaft.

Table 3. Test results of screw performance with different rotational speed ratios.

Thi Fourth
Rotational First Stage Second ird our Fifth Stage .
. Stage Stage Stage Relative
Speed Project Screw Screw o
. ] Screw Screw Screw . Error/%
Ratio r/min i . ] r/min
r/min r/min r/min
Theoretical 280 224 179 179 179
Value
08 Measured 3.80
267 213 172 173 175
Value
Theoretical 280 252 227 227 227
Value
09 Measured 1.76
273 246 224 225 223
Value
Theoretical 280 280 280 280 280
Value
1 Measured 249
277 268 274 276 270
Value

The pre-determined screw rotational speed of 280 r/min to the intrinsic frequency formula f=n
/ 60 to solve the screw work excitation frequency of 4.67 Hz. A comparison of the simulation results
and theoretical analysis results shows that the excitation frequency of the work of the screw is far less
than the screw of the first six orders of the vibration pattern of the intrinsic frequency, which indicates
that the work will not resonate; the design is reasonable.

2.3.2. Torque Measuring System for Screw

The screw torque detection is mainly used for the working torque measurement of the five-stage
screw. Between the motor and the screw device, the torque sensor is installed through two couplings,
and its overall structure is shown in Figure 5. The torque sensor measures the working torque of the
screw device. It displays it in the human-computer interface to assist in analyzing the working status
of the screw in the vibrating screen. In the human-computer interface, the start and stop of the screw
can be controlled by buttons, and the torque value of all levels of screw operation can be obtained in
real-time.
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1. Motor shaft 2. Coupling 3. DYN-210 torque sensor
Figure 5. Hardware structure of screw torque detection system.

The lower computer of this system chose the ES2 PLC of the DVP series from DELTA company,
the upper computer chose the MT6071IQ resistive touch screen from Willcom Technology Co., Ltd.,
and the DY-300N Bengbu torque sensor was selected for measuring the operating torque of the screw.
The HMI interface mainly includes the operation status module, parameter setting module, etc.,
which can be used to adjust rotational speed and torque detection. It is written by DOPSoft software.
The interface is shown in Figure 6.

WED 16:31:36
0 mm O N O N O N O Nv 0O nNm

irst level scre Second level scThird level scre Fourth level sor Fifth level scre Sixth level scre
rewvy w v w W

O Roh 0O Rph O Roh 0O Rph O Reh O  Rph

Figure 6. HMI interface of screw torque and speed detection system.

2.4. Excitation Frequency Control System

The vibrating screen is mainly composed of the front screen, back screen, vibration generator,
connecting rod, etc., in which the front screen and back screen are welded by the sieve bar, ribbed
plate, connected with the frame through the connecting rod, vibration generator, including the
exciter, vibration roller, spring and so on. The front and rear screens are equipped with an exciter
roller, mainly driven by the screen body away from the exciter movement. In contrast, the two-screen
body connected by the spring plays a role in the screen body reset, close to the exciter movement,
and the vibrating screen body structure schematic diagram is shown in Figure 7. According to the
characteristics of feeding the mixture of large mass and screening to remove sand and soil operation
requirements, the cam design process needs to consider the two aspects of high speed and heavy load
to improve the vibration frequency. The excitation cam is designed as a four-circular arc cam, taking
into account the screen body-only stroke requirements to ensure that the shaker in contact with the
excitation roller is smooth and stable, the design of the excitation roller contour for the circumference
of the excitation process of the cam in the ascending stage of the movement of the cam motion in the
uplift phase of the excitation process is sinusoidal accelerating motion.

2 3 4 5

1.Rear sieve 2. Excitation roller 3. Excitation cam 4. Spring 5. Front sieve

Figure 7. Schematic diagram of vibrating screen structure.
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The operation of a vibrating screen entails the exciter, which is driven by the power shaft,
rotating and simultaneously displacing the vibration roller away from the exciter's movement. This
results in the sieve body moving away from the exciter, forcing the front. The screen and the back
sieve are transitioned from a static state to a state of motion when a certain distance is traversed. At
this point, the spring resets the front screen and the back sieve, thereby initiating the reciprocating
vibration of the sieve body. The vibration of the sieve body effectively separates Tiger nuts, roots,
sand, and other mixtures. The material is loosened, with sand falling into the sieve bar gap and
ultimately being removed from the system.

In selecting the screen body's amplitude and vibration frequency parameters, large amplitude
and low frequency were selected for screening materials with large particle sizes and vice versa. Small
amplitude and high frequency were selected for screening materials with small particle sizes [29].
The excitation frequency control system outputs commands through the IO port of the PLC to realize
the control of the motor speed, and then through the adjustment of the motor, the speed of the
excitation cam and eccentric wheel was controlled. Since the screening material was mainly sand and
soil, small amplitude and high frequency were selected. Papers [30-33] indicated that the vibration
frequency was set to 7 Hz for the intermediate test level value in the Tiger nut and castor clearing
process.

In contrast, a paper [34] reported that the maximum vibration frequency value was 9 Hz in the
potato soil separation process. This was relevant for cases where the sieve mesh aperture diameter
was small and for sandy materials with fine particle sizes. Combined with the Tiger nut harvesting
process, the sand and soil separation requirements, and the results of the pre-experimentation, the
maximum vibration frequency parameter value was determined to be 9 Hz. The maximum value of
the vibration frequency parameter was 9 Hz, and 7 Hz was taken as the intermediate level for
selecting experimental variable factors in the later stage.

2.5. Digging Depth Detection Module

2.5.1. Determination of Digging Depth Parameters

Tiger nut-root-sandy soil complex is one of the objects used in harvesting implement geometry
and basic parameters such as the size of the complex need to be determined. In the Tiger nut harvest
period, using the five-point method to select the test area, 1 m x 1 m area of the Tiger nut-root-sandy
soil complex sampling, the use of vernier calipers (maximum measurement length: 150 mm,
measurement accuracy: 0.02 mm), steel tape measure (maximum measurement length: 5000 mm,
measurement accuracy: 1 mm) to determine the complex stalk diameter, stalk height, stubble growth
depth, growth width, and other dimensional parameters, while determining the quality of the
complex, the quality of sand in the complex, as well as the quality of the Tiger nut, roots and soil. At
the same time, the mass of the composite, the mass of sand and soil in the composite, and the mass
of Tiger nut and roots were determined. The composite's mass ratio of sand and soil and Tiger nut
and roots were calculated respectively. The results showed that the average value of the composite
stalk diameter was 5.2+0.77 mm, the height of the stalk was 84+4.53 mm, the depth of growth of the
composite was 114+3.47 mm. The width of the composite was 162+7.02 mm. For this reason, it was
found that the average value of the composite stalk diameter was 5.2+0.77 mm. 7.02 mm, for this
reason, to ensure the low damage excavation of Tiger nut, the excavation depth of the machine needs
to be more than 120 mm in the process of operation.

2.5.2. Digging Depth Detection System

When the harvester works, the rotary cutter cuts into the ground to plow, and the depth of the
digging depth is controlled by the depth-limiting wheel. The depth-limiting wheel contacts the
ground, and the reaction force generated with the ground lifts the front end of the harvester (i.e., the
rotary tillage device) upward through the support bar. Currently, the inclination sensor on the
support bar detects the angle a between the support bar and the ground. The angle information is
converted into an electrical signal by the transmitter, which is transmitted to the controller, and the
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plowing depth of the rotary tillage knife, /, is calculated by using the geometric mathematical model
that has already been established for plowing depth and the angle of the angle and transmitted back
to the human-machine interactive interface, which is transmitted back to the human-computer
interface. The geometric relationship is shown in Figure 8.

Rotary Blade Rack

Tilt Sensor o

Depth Wheel

Figure 8. Rotary tiller depth limiting wheel geometry.

The digging depth detection system hardware structure includes the entry inclination sensor,
rotary tillage knife, depth limiting wheel, and frame. The entry inclination sensor adopts LCA318T,
which mainly measures the digging depth of the rotary tiller. The soil inclination sensor is connected
to the PLC's analog input and output ports. When digging depth detection is carried out, the test bar
is first zeroed on the HMI interface, and then the value is read, as shown in Figure 9.

TUE _ 16:59:35

Inverter startup delay Torque range
Settings Settings
Embedded test rod Embedded zero position
Settings Settings

—u

i |
_ ‘Dperating controll Reium‘

Figure 9. Zeroing interface of digging depth detection system.

2.5.3. B-PID-based Nonlinear Excavation Depth Trajectory Tracking and Regulation System

2.5.3.1. Principle of the Control System
1) Lyapunov stability theory

In the active domain £, an actual number 6 > 0 exists for the system for any chosen actual
number ¢ > 0. An equilibrium state is said to be stable in the sense of Lyapunov when it satisfies (3)
and when the solutions from any xo satisfies (4) [35-37].

[1% =X |l<o (3)

12-xll<e (4)

In actual engineering problems, if the equilibrium state x. is stable in the sense of Lyapunov and
the stable state x. is perturbed, it will eventually converge to x.. According to Lyapunov’s second law,
i.e., it reaches the Lyapunov’s function V'is positive definite, and v is negative definite.

2) Barbalat's lemma

Barbalat's lemma is commonly used for nonautonomous systems in nonlinear systems [38,39].
Suppose a continuously derivable function f{t), as t tends to infinity, has a finite number of limit
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values, and the derivative of f{t) is uniformly continuous. In that case, the derivative of f{t) tends to
zero as t tends to infinity.

3) PID control principle

PID is one of the most used control algorithms in automatic control systems, in which the
proportional control P outputs a proportional amount of control according to the size of the error
between the controlled quantity and the set value. Increasing the proportion can shorten the
adjustment time but will increase the overshooting amount. Integral control I outputs the control
quantity according to the integral value of the error, which can eliminate the static error of the system
but will increase the overshooting quantity and regulation time. Differential control D outputs the
control quantity according to the negative value of the rate of change of the error, which can reduce
the amount of overshot and the regulation time but will increase the system jitter for noise and other
disturbances. The following equation can express the principle of action of the PID controller.

U(t)=pre(t)+Kix‘|.e(t)dt+de% (5)
where U(t) denotes the control quantity, e(t) denotes the error, K, denotes the proportionality
coefficient, Ki denotes the integration coefficient, and Kz denotes the integration coefficient.

2.5.3.2. Structure of the Control System

In this paper, the digging depth detection device is modeled as follows. Where the mass of the
digging depth detection device is m, the input driving force F is I, the displacement y: is y, and the

velocity y2 is ¥ . Since the soil friction force on the detection device is a nonlinear force positively
correlated with the velocity y2 when detecting the digging depth [40], to facilitate the calculations,
this paper assumes that the friction force f = cy2?, where c is the scale factor. According to Newton's
second law, the following mathematical model can be established.

Yi=Y, (6)

o= Syt e 7)
This paper proposes using a backstepping method in conjunction with PID control design to
develop a controller for a depth regulation system in excavation. The following section will provide
a detailed explanation of this process. Assuming an ideal scenario where the operational
displacement of the depth detection mechanism is denoted as yis, the displacement error is
represented by e1, and a Lyapunov function V: is defined for the displacement setting, the subsequent

relationship can be derived as follows.

& =Y~V (8)
Vi(e,)= 26 ©)
By taking the derivatives of Vi and e, the following relationship can be obtained.
V=i —,) (10)
&= Yis Y (D

Assuming that in an ideal state, the operating speed of the digging depth detection device is
denoted by y24, and the velocity error is represented by ez, if a Lyapunov function V2 is defined for the
displacement error and the velocity error, the following relationships can be derived.

€, =Yy Y, (12)

1 1
VZ(el & ) = Eelz +§e22 (13)
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At this point, V, can be rewritten in the following form.

V1 = el( Yia = Yaa +6€ ) (14)

According to Lyapunov's second method, if the system is to achieve equilibrium at this stage,
the following relationship must be satisfied.

Yoo =Yg+ K & (15)
Herein, ki is an arbitrary non-zero constant. At this stage, differentiating ez yields the following
relationship.
. . . cy3 |
€ =Ytk el"'FZ_E (16)
Differentiating V2 with respect to its variable yields the following relationship.

. . oo . C 3 I
Vz:e1(y1d_yzd+e2)+ez(y1d+k1e1+%__) (17)

According to Lyapunov's second method, for the system to achieve equilibrium at this stage, the

following conditions must be satisfied.
3

oo . Cy2 I
—k,e, =y, ,+ke,+—=——+e 18
22 yld 1~ m m 1 ( )
Herein, k2 represents an arbitrary non-zero constant. Through simplification, the following
equation can be obtained.

| = my,, +mk, &+cy: +me, +mk,e, (19)

Given that the proportionality coefficient c is an indeterminate constant, it is therefore stipulated

A

that the actual value of ¢ in the present context is denoted as the indeterminate constant k

Consequently, the error K and its corresponding derivative are expressed as follows.

k=c—k (20)
k=—k

A Lyapunov function V3 is established for the displacement error, velocity error, and

(1)

proportionality coefficient error. The derivative of this Lyapunov function, denoted as Vs , yields
the following equation.

-] 1 1-2
V3(e1,e2,k):§e12+§e22+§k (22)
V, = kel ke +k(2y, ~k) (23)
m

According to Barbalat's Lemma, the following relationship can be derived.
=22y (24)
m
Integrating equation (24) yields the following relationship.
N €.
k=[G2y,'dt (25)
Rearranging the above equation yields the following relationship.
| =my,,+me, +mk,e, + MK, (¥, —, )+Ky’ (26)

Up to this point, the design of the digging depth trajectory tracking controller has been
completed. The construction of its Simulink simulation model is illustrated in Figure 10.
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Figure 10. Simulink model.

2.5.3.3. Simulation Experiment

This section will conduct a validation to verify the effectiveness of the proposed method.
Considering that the excavation depth device operates in a highly nonlinear underground
environment, this study employs modules within MATLAB software's Simulink to input
displacements, including sinusoidal and random displacements, for a comparative analysis between
the proposed B-PID controller and the backstepping controller without PID integration. The objective
is to observe the tracking performance of both controllers for trajectory y:. The simulation results are
shown in Figures 11 and 12.

T T T T T —
— gt
BPID

Depth/mm

o 10 20 30 40 50
Time/s

Figure 11. Simulation results 1.
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Figure 12. Simulation results 2.

As shown in Figure 11, for the sinusoidal motion curve, the B-PID controller exhibits better
robustness concerning position tracking accuracy compared to the backstepping controller without
PID integration. Its fluctuations are more stable during changes in the curve. The backstepping
controller without PID integration shows relatively unstable tracking performance at 5 seconds, 15
seconds, 25 seconds, 35 seconds, 45 seconds, and 55 seconds, with noticeable deviations. As shown
in Figure 12, the B-PID controller and the backstepping controller demonstrate strong robustness for
trajectories generated by random white noise. Simulation results indicate that, compared to other
controllers, the B-PID controller has significant tracking accuracy and robustness advantages.

3. Experiment and Result Analysis

In May 2023, practical tests are conducted in the Soil Channel Performance Laboratory of the
School of Mechanical and Electrical Engineering at Shihezi University to evaluate the control modules
for the screw speed of the conveying and separating device, the detection module for excavation
depth, and the control module for vibration frequency. The test materials, including the Tiger nut-
root-sand complexes, are sourced from the Tiger nut planting base of the Second Company, 54th
Regiment, Third Division of the Xinjiang Production and Construction Corps. Before the tests, the
soil in the soil channel test area is leveled and compacted using the flatting device, sprinkler device,
and compaction device that are part of the soil channel test rig. The Tiger nut-root-sand complex
materials are also laid out in the soil channel test area according to the planting pattern.

The experimental instruments and equipment primarily include the Soil Channel Test Vehicle
(TCC-3.0), the tachometer (testo 470), a ruler, a shovel, and other tools. The device used in the
experiment is a self-constructed conveying and separating device for Tiger nut harvesting, as
depicted in Figure 13.

Soil Bin Performance Test Bench

Tilt Sensor

Tiger Nut Collection Tank 8 o i Transport Separation Device

Sandy Soil Collection Ta

Figure 13. Conveying and separation device for Tiger nut harvesting.
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Figure 14. Electrical wiring of Tiger nut harvester.

3.1. Rotational Speed Measurement of Helical Screw

The Tiger nut harvesting, conveying, and separation device employs a multi-stage conveying
screw combined with a vibrating screen system. The first stage conveying screw feeds on a mixture
of Tiger nut, sand, and other materials excavated by the rotary tillage and digging device,
characterized by the highest mass of conveyed materials. The second stage conveying screw
processes the mixture after the first-stage screw has removed some of the sand. The third stage
conveying screw, primarily ensures the conveyance of Tiger nut while simultaneously removing
sand. In the design of this stage, considerations must be made regarding the potential damage to
Tiger nuts.

Given that the three-stage conveying screws have different operating objects and functions, their
rotational speeds are designed to decrease progressively: the first-stage screw has the highest speed,
the second-stage screw has the next highest speed, and the third-stage screw has the lowest speed.
The fourth and fifth stage conveying screws mainly serves to remove residual sand and complete the
conveyance of Tiger nut. The rotational speeds of the third, fourth, and fifth stage conveying screws
are set to be consistent.

The rotational speed ratios between the first, second, and third stage conveying screws were set
at 0.8, 0.9, and 1, respectively. After the equipment operated usually, the rotational speeds of each
stage’s screw were measured using a tachometer. The results are shown in Table 3. According to the
table, when the screw rotational speed ratios were 0.8, 0.9, and 1, the relative errors between the
theoretical and measured values were 3.80%, 1.76%, and 2.49%, respectively. All relative errors are
below 5%, meeting the requirements.

3.2. Excavation Depth Testing

During the testing process, adjustments to the excavation depth were made on the HMI interface
by inputting values of 129mm, 127mm, 125mm, 123mm, and 121mm, respectively. Five test points
were selected within the test area, and the excavation depth was measured using a ruler at each point.
Each set of measurements was repeated three times, and the average values were recorded. The
results are presented in Table 4. As indicated by the table, the relative errors at the five test points
were 0.4%, 0.3%, 1.5%, 1.4%, and 0.9%, respectively, with the maximum relative error being 1.5%,
which meets the requirements. Additionally, a scatter plot was created with the theoretical values of
the excavation depth on the x-axis and the measured values on the y-axis, and a mathematical
relationship approximation curve was fitted to the data points. The resulting mathematical
relationship between the theoretical and measured values is y=1.115x-15.555, with R? value of 0.9768,
indicating the reliability of the correction model.
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Table 4. Excavation depth test results.

Serial Number 1 2 3 4 5
Theoretical Value/mm 129 127 125 123 121
Measured Value/mm 128.4 126.5 123.1 121.2 119.9
Relative Error/% 0.4 0.3 1.5 14 0.9

3.3. Excitation Frequency Test

Adjust the rotational speed of the exciter drive motor to 126 r/min, 108 r/min, 105 r/min, 120
r/min, and 135 r/min on the HMI. By substituting the screw speed into the natural frequency
calculation formula f=n / 60, it can be determined that the excitation frequencies are 8.4 Hz, 7.2 Hz, 7
Hz, 8 Hz, and 9 Hz, respectively. Utilizing a high-speed camera (TS4100LR3C8512), the excitation
process of the exciter cam on the front and rear screens was recorded. The motion of the front and
rear screens was analyzed using the high-speed video dynamic analysis software Xcitex ProAnalyst
2023, obtaining the number of vibrations per minute of the screen body, i.e., the excitation frequency
of the screen body. Each experiment was repeated three times, and the average value was taken. Since
the exciter structure consists of four circular arc cams, the excitation frequencies of the front and rear
screens are consistent. The experimental results show that the relative errors at the five test points are
1.19%, 2.78%, 1.57%, 0.75%, and 3.67%, respectively, with the maximum relative error being 3.67%,
below 5%, meeting the requirements.

Additionally, the theoretical values of the excitation frequency were taken as the x-axis, and the
measured values as the y-axis. A scatter plot formed by these values was subjected to mathematical
relationship curve fitting. The mathematical relationship between the theoretical and measured
values after fitting is given by the equation y=0.9408x+0.3092, with R? value of 0.9852, indicating the
reliability of the correction model.

Table 5. Excitation frequency test results.

Serial Number 1 2 3 4 5
Theoretical Value/Hz 8.4 7.2 7 8 9
Measured Value/ Hz 8.3 7 6.89 7.94 8.67

Relative Error/% 1.19 2.78 1.57 0.75 3.67

4. Conclusions

(1) Aiming at the issue of low efficiency caused by the mismatch between the digging feed rate
and the conveying separation rate in the harvesting of Tiger nut in the Xinjiang sandy area and based
on the trend of intellectualization in the mechanical equipment for Tiger nut harvesting, a visualizing
device for controlling screw speed, screw torque, vibration frequency, and digging depth was
designed. This device includes mechanical execution parts and an automatic control system, laying
a foundation for enhancing the intelligence level of Tiger nut harvesting equipment.

(2) An adaptive controller combining backstepping and PID (B-PID) was proposed for tracking
and detecting digging depth, and a control model considering motion damping and displacement
error compensation was derived. To evaluate the performance of the proposed controller, Simulink
simulations were conducted, comparing the B-PID controller with other controllers. Comparative
experimental results indicate that the B-PID model provides effective trajectory tracking control
performance for digging depth tracking detection.

(3) Module testing experiments were conducted on the Tiger nut harvesting and conveying
separation device. The experimental results show that in the screw speed test, when the screw speed
ratio is 0.8, 0.9, and 1, the relative errors between theoretical and measured values are 3.80%, 1.76%,
and 2.49%, respectively; in the digging depth test, the relative errors at five test points are 0.4%, 0.3%,
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1.5%, 1.4%, and 0.9%, with the maximum relative error being 1.5%; in the vibration frequency test,
the relative errors at five test points are 1.19%, 2.78%, 1.57%, 0.75%, and 3.67%, with the maximum
relative error being 3.67%. Based on these results, correction models for digging depth and vibration
frequency parameter control were established.
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