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Abstract: Directed at the problems of low positioning accuracy and irregular section forming of cut-
ting heads of road header in coal mine production sites, a new cutting head positioning system based
on ultra-wideband positioning technology is proposed based on the cutting head motion model and
the working principle of ultra-wideband positioning technology, which verifies the anti-interference
and the accuracy of its positioning. Combined with the simulation experiment under on-site working
conditions, the influence degree of three typical influencing factors on positioning accuracy was
obtained, and the accuracy optimization of the ultra-wideband positioning system was guided.
Through the dynamic solution experiment, the positioning accuracy of the system is measured, and
the results are verified based on the positioning system solution accuracy evaluation standard.

Keywords: ultra-wideband positioning; cutting head of roadheader; positioning accuracy;
distance measurement

1. Introduction

The unmanned and intelligent coal production site is the main trend of the develop-
ment of the current coal industry. In order to meet the needs of safe and efficient production
on the coal mine site and improve the efficiency of mining replacement, the tunneling
equipment is gradually transitioning to intelligence and automation [1–4]. At present, the
cantilever roadheader has become the most widely used tunneling equipment in coal mines
because of its strong universality, high tunneling efficiency, and advanced section control
precision. Limited by the special working conditions of the coal mine site, the mining
cantilever roadheader will be affected by factors such as occlusion, dust concentration,
ranging spatial position, and so on when carrying out the cutting operation. Even most
of the tunneling face needs manual observation and operation to complete the tunneling
process, resulting in the decrease in the positioning accuracy of the cutting head, which
directly affects the tunneling efficiency of the roadheader, and causes a series of problems,
such as irregular formation of local roadway section [5–9].

With the actual production needs, domestic and foreign experts and scholars have con-
ducted extensive research on the application of positioning technology of mining cantilever
roadheader and adopted a variety of technical routes to achieve accurate positioning of the
cutting head. Zhang M et al. [10] designed a positioning decision program by using a fuzzy
decision controller, fuzzy logic controller, and dynamic error elimination controller. The
mathematical model was established by the functional relationship between the pitch angle
and the hydraulic cylinder. The experimental test of the decision program effectively im-
proved the positioning accuracy. Cheluszka P et al. [11] used visual ranging technology to
realize the positioning of the cutting head, analyzed the positional relationship between the
roadheader base and the cutting head, established the measurement model, and calculated
the positional relationship between the base datum and the cutting head. Du et al. [12]
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comprehensively analyzed various positioning methods and believed that machine vision
technology is most suitable for the positioning of mine cantilever roadheader and designed
a set of real-time monitoring system for the position and posture of the fuselage and the
spatial position of the cutting head. Wu Miao et al. [13] proposed a walking trajectory
and deviation perception method of cantilever roadheader based on a strapdown inertial
navigation system, which can determine the azimuth deviation of roadheader fuselage in
real-time and provide correction reference parameters for directional tunneling.

Many experts and scholars have carried out a lot of analysis and research from different
angles on automation and intelligent research on the precise positioning of the cutting
head of the mining cantilever roadheader, which provides a solid theoretical basis for the
precise operation of the roadway excavation automation. However, the current mainstream
roadheader positioning technology mainly obtains the pose information of the roadheader
fuselage, and then indirectly determines the spatial coordinates of the cutting head through
calculation. The indirect positioning method is affected by the roadheader fuselage’s
vibration and the moving joints’ influence, and there is a certain accuracy error. On
the other hand, the current cutting head positioning technology is numerous, but the
applicability is limited, the underground working environment is relatively poor, and the
positioning accuracy of many advanced electronic components on the ground is ideal,
but the positioning accuracy in the underground is greatly reduced [14–17]. Through the
multi-dimensional comparative analysis of wireless positioning technology, it is found
that ultra-wideband positioning technology has outstanding advantages in positioning
accuracy, positioning range and anti-interference ability. Based on the motion model of
cutting head and the working principle of ultra-wideband positioning technology, this
paper proposes a new cutting head positioning system based on ultra-wideband positioning
technology, which can realize the direct positioning of cutting head and ensure good
positioning accuracy.

2. Ultra-WideBand (UWB) Positioning Technology and Simplified Cutting Head
Motion Model
2.1. Ultra-WideBand (UWB) Positioning Technology

Ultra-wideband positioning technology is a new positioning method, which in its early
stage, was only used in the military field. Since the end of the last century, with the pro-
gressive maturity of its supporting equipment and cost reduction, it has gradually moved
to the civilian field, and under the vision of intelligent coal mines, it has been recognized as
the priority development and application direction of wireless positioning. Compared with
many traditional narrowband communication technologies, UWB technology has many
technical advantages, such as high positioning accuracy, strong penetration ability, simple
structure, low power consumption, strong anti-interference ability, and low radiation. The
characteristics of UWB technology make it suitable for high-resolution wireless positioning.

In this study, the ultra-wideband positioning base station, positioning tag, and its
supporting debugging and monitoring software for coal mines provided by ANTEXIN (Bei-
jing) Company were used to carry out related experiments. The integrated ultra-wideband
ranging module of the internal circuit board of the equipment was built based on the
DW1000 chip. The equipment has IIC intrinsically safe explosion-proof certification after
packaging, which is specially designed and applied to coal mines, and is fully applicable to
the environment of tunneling working face. The internal circuit board of the equipment
integrates DW1000 ultra-wideband positioning chip, which can greatly reduce the appli-
cation difficulty and cost. Accurate ranging is performed by signal time-of-flight ranging.
The indoor positioning accuracy is high, and the dynamic tracking ability of positioning is
strong. Strong anti-interference ability.

2.2. Simplified Cutting Head of Roadheader Motion Model

The cutting part of the boom-type roadheader is composed of a cutting head, a cutting
arm, multiple sets of hydraulic cylinders, and a cutting motor. In the cutting operation of
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the cutting part, the cutting part is the main working actuator, which is driven to rotation
by the cutting motor, and the coal rock crushing is completed by the cutting collision of the
pick and the coal rock wall. During the excavation and cutting operation, if the structure of
the roadheader fuselage is fixed, the cutting head can only cut the coal and rock mass with
a fixed small section area. To complete the cutting operation of the whole working face,
it is necessary to move the relevant motion mechanism, so that the spatial position of the
cutting head changes with the demand, so as to cut the coal and rock mass with a large
section area and meet the section size requirements [18–20].

The position of the cutting head during the cutting operation of the cantilever road-
header in the roadway space is analyzed. Based on the reference coordinate system of the
roadway, the motion model of the cutting part is established according to the working
principle of the horizontal and vertical rotation mechanism of the cutting part, as shown in
Figure 1. The cutting section has two rotation centers: O1 for horizontal rotation, located at
the front center of the main body, and O2 for vertical rotation, located in the X-axis direction.
The cutting arm rotates around O1 to complete the horizontal rotation and around O2 to
complete the vertical rotation. A and A′ are the top positions of the cutting head when the
cutting arm expansion cylinder is at maximum and minimum stroke, respectively. Through
the rotation state of the cutting part in the vertical and horizontal directions, the pose of the
cutting arm can be comprehensively determined. Combined with the length of the cutting
arm, the position of the cutting head can be determined, and the positioning of the cutting
head in the roadway coordinate system can be completed.
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Figure 1. Simplified model of cutting part motion.

3. Cutting Head Ultra-Wideband Positioning System Simulation Experiment
3.1. Experimental Principles

In order to test the accuracy, precision and anti-interference of the roadheader cutting
head positioning system based on ultra-wideband positioning technology, based on the
cutting head motion model and the working principle of ultra-wideband positioning
technology, a simulation experiment was designed around the actual working environment
of the underground tunneling face.

1© Simulated positioning base station reference plane
On the cross-section of the roadway where the laser pointer is installed behind the

tunneling face, a reference plane of the positioning base station is set up. Three ultra-
wideband positioning base stations are arranged on this plane, and the instrument is fixed
by the fixed support.

2© Simulate the cross-section of the middle section of the cutting part
On the shell of the middle section of the cutting part of the roadheader, the cross-

section of the middle section of the cutting part is set up on the premise of not affecting the
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normal operation of the equipment. Three ultra-wideband positioning tags are arranged in
this plane, and the positioning tags are fixed by the fixed bracket.

The comprehensive arrangement of the simulation experiment is shown in Figure 2.
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Figure 2. Schematic diagram of cutting head positioning scheme.

The ultra-wideband positioning system of the cutting head is based on sensor wireless
ranging technology. By arranging the position-calibrated sensors SA, SB, and SC on the
cross-section of the appropriate position in the middle and rear section of the cutting
arm and arranging the position-calibrated sensors S1, S2, and S3 on the cross-section of
the roadway reference coordinate system behind the cantilever roadheader, the ranging
parameters are obtained. Relying on the system logic solution, according to the distance
measurement values of each sensor and sensors S1, S2, and S3 on the middle section of the
cutting arm and the spatial coordinates of sensors S1, S2, and S3 in the roadway reference
coordinate system, the spatial coordinates of sensors SA, SB, and SC are obtained, so as
to determine the real-time pose of the cutting arm. According to the installation and
calibration dimensions of SA, SB, and SC, the position of the cutting head in the standard
coordinate system of the roadway can be solved. The operation process of the positioning
system is shown in Figure 3.
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Figure 3. Flow chart of an ultra-wideband positioning system for cutting head.

3.2. Components of Positioning System

The simulation experiment platform of the ultra-wideband positioning system of
the cutting head is composed of two parts: hardware and software. The hardware part
of the platform includes an ultra-wideband positioning base station circuit board and
supporting transceiver antenna 3 sets; antenna 3 sets; three ultra-wideband positioning
tags; one gigabit five-port switch, one mine laser pointer, and one portable server; several
groups of simulated brackets and fixed plates; several bundles of wire used to connect the
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equipment; several sets of power supply and power lines for equipment power supply.
The software part mainly includes wireless positioning base station configuration tool
software, debugging tool software, and MATLAB cutting head 3D coordinate calculation
program, which work together to achieve the data and experimental objectives required for
the simulation experimental platform. The hardware components of the platform can meet
the various needs of the simulation experiment and comply with the technical requirements
and safety standards of the simulation experiment. The related experimental device is
shown in Figure 4.
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Figure 4. Schematic diagram of the overall experimental setup.

The ultra-wideband positioning base station is installed on the reference cross-section
of the roadway behind the underground heading face, and the calibration laser pointer is
also installed at this position. The base station is arranged in a triangular array, and the
position and orientation of the phase center of the three transceivers are consistent and
in the same plane. In the simulation experiment, the installation layout and size of the
ultra-wideband positioning base station in the actual working condition are simulated on
the reference plane of the simulated positioning base station, and the installation layout
size is consistent with the actual situation. The layout size is shown in Figure 5.
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The positioning label completes the position calibration through the fixed bracket
according to the size of the cutting part in the actual working condition. In the simulation
experiment, the fixed plate is used to complete the position calibration on the cross-section
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of the middle section of the simulated cutting part. The accuracy of the positioning
solution that needs to be analyzed in the follow-up simulation experiment, so in addition
to the positioning base station, the layout and assembly size of each simulated structural
component should be consistent with the actual working condition size, and the ratio of
the simulated experimental layout size to the actual working condition layout size is set to
1:5. The layout size of the positioning label is shown in Figure 6.
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4. Analysis of Interference Factors of System Positioning Accuracy
4.1. Direct Occlusion Effects

The working environment of the heading face is relatively harsh. When the positioning
system is put into field application, each precision component needs to be equipped with
an explosion-proof and dust-proof shell, and at least two layers of material will be blocked
on the linear propagation path of the ranging module signal. Therefore, based on the
simulation experiment platform of the ultra-wideband positioning system of the cutting
head, the direct occlusion effect experiment is carried out to analyze the interference of
different material shells on the accuracy, and to determine the influence of physical proper-
ties such as material type, thickness, and wave transmission on the accuracy. Therefore, it
is convenient to select materials with less precision interference to make the shell of the
ultra-wideband positioning system equipment, so as to reduce the degree of positioning
accuracy interference and ensure the accuracy of the positioning system.

In order to explore the influence of different material shells on the ranging accuracy of
the ultra-wideband positioning system, the control variable comparison method was used
for experiments. The experimental process is shown in Figure 7.
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A set of experimental positioning base stations and tags are selected as the experi-
mental subjects. The fixed bracket is used to calibrate the attitude and relative position
of the positioning base station and the positioning tag. Three acrylic plates, wood plates,
and aluminum plates of similar thickness are prepared to ensure that their area can block
the signal propagation path of the ranging module. The experimental plate is shown
in Figure 8.
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Figure 8. Experimental board.

The positioning base station and positioning tag are placed and fixed in the exper-
imental space, and the posture and relative position of the equipment are calibrated to
make the positioning base station and the positioning tag face-to-face. The ranging data
are recorded, and the data are read within 30 s. The average value is taken as the ranging
reference value, and the spatial position of the positioning base station and the positioning
tag is kept unchanged. One to three layers of the same material plates are placed on the
signal transmission path between the ranging base station and the ranging tag, and the
three columns of ranging values are recorded by reading the reference value. By changing
a material plate for three readings of the next set of experiments, a total of three sets of
nine-column ranging values are obtained. Comparing the ranging value of each group
with the ranging reference value, the trend of error value is shown in Figure 9.
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Figure 9. Error-values of obstructing object impact experiment. (a) Error values of acrylic board.
(b) Error values of wooden board.

From the above experimental results, it can be seen that the error value of the three
experiments of the acrylic plate group is very small, the error fluctuation level is very low,
and the ranging error is within 20 mm. The three experimental error values of the board
group are also small, the error fluctuation level is low, and the ranging error is always
within 50 mm.
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The dynamic reading of the aluminum plate experimental group is shown in Figure 10.
It can be seen from the figure that when the aluminum plate is blocked in the ranging signal
path, the module reading fluctuates dramatically. The ranging value of the aluminum plate
group experiment is seriously distorted, and the error is extremely large, up to more than
1000 mm. We have been unable to analyze the error level, and the degree of interference is
severe, which seriously affects the normal operation of the ranging module.
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Figure 10. Measured distance values of aluminum plate obstruction experiment.

According to the analysis, the acrylic plate has little effect on the ultra-wideband signal
propagation, the wood plate has little effect on the ultra-wideband signal propagation,
and the aluminum plate has a serious effect on the ultra-wideband signal propagation.
As a narrow pulse signal, the ultra-wideband itself has a strong ability to penetrate the
medium. Both the acrylic plate and the wood plate have good wave permeability, and
within the conventional thickness, they will not affect the accuracy level required by
the system. The poor wave permeability of metal plates, such as aluminum plates, will
seriously interfere with the ranging accuracy regardless of the thickness, thus affecting the
positioning accuracy of the system. Therefore, plastic materials, such as acrylic, should be
preferred for the packaging shell of the positioning system.

4.2. Effect of Dust Concentration

The dust produced in the operation project of coal mine heading face is mainly rock
dust and coal dust. Due to the characteristics of the tunneling process, the process of coal
rock crushing will produce a large amount of dust, accounting for about 80% [21] of the
total number of dust, which is the main source of dust generation. In addition, there is
dust generated by the process of coal rock crushing caused by factors such as collapse
impact and transshipment friction, as well as secondary dust generated by ventilation
operations [22]. The working environment of the positioning scheme designed in this paper
is exposed to the influence of serious dust, and the dust concentration is an important factor
affecting the accuracy of the system.

In order to explore the influence of dust concentration on the positioning accuracy of
ultra-wideband positioning system, a regular cuboid confined space is set up to simulate the
change of dust concentration in the local space of coal mine. The experimental environment
is shown in Figure 11.
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Figure 11. Schematic diagram of the experimental setup for the effect of dust concentration.

The allowable limit value of dust concentration in coal mine operations is 5000 µg/m3.
Generally, the dust concentration is between 1000 µg/m3 and 3000 µg/m3. Therefore, the
reading gradient of dust concentration in the experiment is increased to 5000 µg/m3. To
obtain this information one must keep the position of the positioning base station and the
positioning label unchanged, control the dust concentration according to the experimental
environment, blow into the experimental space with a blower, read and record the dust
concentration detector after the indication is stable, read 10 times every 10 s, and take the
average value and record. Finally, the change of location and ranging data with the increase
in dust concentration is obtained, as shown in Figure 12.
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Figure 12. System ranging error under different dust concentrations.

The data analysis shows that with the increase in dust concentration, the ranging
error of ranging module increases, and the error growth rate increases with the increase in
dust concentration. In the limited range of dust concentration in the coal mine excavation
workplace, the influence of dust concentration on the ultra-wideband ranging module is
small. The common dust concentration in the excavation face is not more than 3000 µg/m3.
Under this condition, the positioning ranging error of 8 m is less than 11.28 mm. According
to the principle of error accumulation of optical path influence, the positioning ranging
error at 48 m is less than 67.68 mm, and the error level is low.

Therefore, as long as the dust concentration meets the requirements of safety regula-
tions, the influence of dust concentration on the precision and accuracy of ultra-wideband
positioning system can be effectively controlled. In the actual working process of the coal
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mine tunneling face, the positioning system has good anti-dust interference performance
and can effectively maintain good system positioning accuracy.

4.3. Mutual Interference Effects of Ultra-Wideband Equipment

The ultra-wideband equipment itself has a strong anti-interference ability, and the
equipment used in this system has an anti-interference optimization algorithm and a master-
slave base station working mode switching function. However, the positioning scheme and
positioning performance requirements of the system determine that the system equipment
needs to be coordinated [23,24]. An operation is still needed to verify its anti-interference
performance through control variable experiments.

Prepare three ultra-wideband positioning base stations and three positioning tags,
select one of them, calibrate its relative position, turn it on, and start ranging reading;
after 90 s, the remaining two base stations are opened and randomly placed around the
calibration base station. After 90 s, the remaining two tags are opened and randomly placed
around the calibration tags for ranging reading and storage. The experimental ranging
values are shown in Figure 13.
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Figure 13. The equipment interference experiment changes the ranging value with time.

The analysis of the above figure shows that the error analysis values of the three
groups of data in the three time periods are very different, and the data analysis values
of different groups have no cross-order of magnitude difference. The data line chart is
smooth, the dynamic characteristics are stable, and the data has no obvious accuracy and
precision index difference, indicating that there is no obvious interaction between the
system equipment.

5. Solution Experiment and Accuracy Evaluation
5.1. Positioning System Positioning Accuracy Evaluation Standard

The absolute error and the mean value of the absolute error in the X, Y, and Z axis
directions are used as the standard to evaluate the positioning accuracy. The standard
deviation of the solution in the X, Y, and Z axis is used as the standard for evaluating the
positioning precision.

The calculation formula of the absolute error eXai, eYai, eZai is

eXai = |Lxi − Lxt|, (1)

eYai =
∣∣Lyi − Lyt

∣∣, (2)

eZai = |Lzi − Lzt|, (3)
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In the formula:
(Lxi, Lyi, Lzi) are the coordinates obtained by the i-th solution;
(Lxt, Lyt, Lzt) are the true coordinates of the point.
To solve the mean absolute error eXai, eYai, eZai, the calculation formula is

eXai =

n
∑

i=1
eXai

n
, (4)

eYai =

n
∑

i=1
eYai

n
, (5)

eZai =

n
∑

i=1
eZai

n
, (6)

In the formula:
n is the number of system solutions.
The SDX, SDY, and SDZ calculation formulas for the standard deviation of the X, Y,

and Z axis are:

SDX =

√√√√√ n
∑

i=1
(Lxi − L̂x)

2

n
, (7)

SDY =

√√√√√ n
∑

i=1
(Lyi − L̂y)

2

n
, (8)

SDZ =

√√√√√ n
∑

i=1
(Lzi − L̂z)

2

n
, (9)

In the formula:
(L̂x, L̂Y, L̂z) is the reference value for the coordinate solution of the point, which is

generally the arithmetic average of the solved coordinates for this group of experiments.
Combining the results of the above formulas, the value of the standard deviation of

the solved 3D can be obtained:

SDT =
√

SDX2 + SDY
2 + SDZ2 (10)

According to the performance requirements of the ultra-wideband positioning system
of the cutting head, combined with the three-dimensional positioning principle of the
ultra-wideband positioning technology, the system positioning solution deviation should
not be greater than 200 mm, and the standard deviation of the settlement data should not
be greater than 50 mm.

5.2. Dynamic Solution Experiment and Accuracy Evaluation Results

Based on the simulation experiment platform of ultra-wideband positioning system
of cutting head, the dynamic positioning accuracy of ultra-wideband positioning system
of cutting head is set up to analyze and evaluate the accuracy of positioning system. The
experimental simulation experiment distance is set from 4 m to 32 m, each 4 m group, a
total of eight groups. Three positioning base stations and their position fixing plates, three
positioning tags and their position fixing plates, fuselage simulation brackets, and multi-
motion joint trolleys were used to complete the dynamic experiment, and the experimental



Processes 2023, 11, 2534 12 of 15

scene was shown in Figure 4. In experiments at different distances, we kept the spatial
position of the center point of the front end of the fuselage simulation bracket unmoving.
That is, the solution calibration point is used as the anchor point, placing the anchor point
at the distance reference position of each ranging group, within a period of 2 min, the
stance of the bracket was changed at a speed not higher than that in the dynamic ranging
experiment, the positioning position solution data was captured, and the scatter plot was
drawn as shown in Figure 14.
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Figure 14. Scatter plot of positioning values.

Observing the above three-dimensional scatter plot, it can be seen that the fluctuation
range of the solution coordinates is better in the normal use range of the positioning system,
the solution deviation belongs to the normal distribution category, the absolute error of
the average value of the 3D coordinate data is small, and the precision and accuracy of the
system positioning and solving data are high.

Based on the accuracy evaluation standard of the positioning system, the absolute
error, the mean absolute error, and the standard deviation are obtained, and the specific
evaluation results are shown in Table 1.

Table 1. Dynamic solution experiment precision evaluation table.

Experimental Distance (mm) ¯
e Xai (mm)

¯
e Yai (mm)

¯
e Zai (mm) SDX (mm) SDY (mm) SDZ

4 28.32 24.65 29.65 18.62 21.54 20.04
8 30.65 26.93 27.84 20.65 24.66 24.25

12 36.21 25.63 32.79 19.45 22.63 20.06
16 52.31 38.62 40.63 22.78 24.23 19.47
20 61.36 44.57 34.23 27.86 24.54 25.45
24 89.62 45.69 45.32 31.42 28.31 28.00
28 120.34 48.32 42.32 27.12 29.62 27.61
32 147.95 49.52 49.34 28.01 29.46 29.56

In order to facilitate the intuitive analysis of the positioning accuracy and precision of
the UWB positioning system, a three-dimensional histogram of the solution accuracy is
drawn according to the accuracy evaluation results of the dynamic solution experiment, as
shown in Figure 15.
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From the absolute error and standard deviation level of the experimental results, it
can be seen that the system dynamic positioning solution accuracy is good, the gain of
the X-axis dynamic solution deviation increases with distance, and the error is less than
150 mm at 32 m. The gain of Y- and Z-axis dynamic solution deviation with increasing
distance is not obvious, and the error is less than 50 mm at 32 m; The comprehensive 3D
dynamic solution deviation is less than 170 mm, and the deviation is concentrated in the
X-axis direction, which has little impact on the accuracy of the truncated section, the system
meets the requirements of the system’s dynamic positioning accuracy, and the standard
deviation of the solution data is maintained within 30 mm, which meets the requirements
of the system’s dynamic positioning precision.

6. Conclusions

A new positioning system of cutting head based on ultra-wideband positioning tech-
nology is proposed, which abandons the complex solution logic of step-by-step fusion
solution in different coordinate systems in two steps in traditional cutting head position-
ing technology. The cutting head is positioned directly through the roadway reference
coordinate system, which can eliminate the system solution error caused through the
transformation of different spatial coordinate systems.

Combined with the field working conditions, the simulation experiment is set up to
analyze the anti-interference of positioning accuracy, and the influence degree of three
typical influencing factors on the positioning accuracy is obtained. The results show that
the wave transmission of the acrylic plate and the wood plate is good, and the ranging
error is always maintained within 50 mm, which will not affect the normal accuracy level
of the system. The ranging error of aluminum plate and other metal plates can reach up
to 1000 mm, which has a great influence on the positioning accuracy. Plastic materials
such as acrylic should be preferred for the packaging shell of positioning system. The
normal dust concentration has no significant effect on the positioning accuracy. The ultra-
wideband positioning system of the cutting head has good anti-interference performance
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and can effectively maintain good system positioning accuracy when multiple devices
work together.

The experimental results of the dynamic solution of the positioning accuracy of the
ultra-wideband positioning system of the cutter head show that: The dynamic calculation
accuracy of the ultra-wideband positioning system is high. The mean value of the three-
dimensional absolute error is less than 170 mm, and the error is mainly located in the X-axis,
which has little effect on the section forming accuracy. The mean value of the single-axis
absolute error is less than 50 mm, and the standard deviation of the calculated data is
less than 30 mm. The dynamic positioning accuracy and precision of the system meet the
expected requirements.

Author Contributions: Conceptualization, H.M. and N.M.; methodology, H.M.; software, H.M. and
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