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Abstract: Autonomous navigation technology is the basis of underground crawler walking equipment
automation. Based on research of the sector laser pose parameter detection method, a pose detection
system based on a cross laser is proposed. The mathematical model between pose parameters, laser
receiver measurement data and tilt sensor measurement data is established by vector algorithm and
the expression of key pose parameters is deduced. This paper studies the deviation correction control
strategy of crawler walking equipment and puts forward the point deviation correction control
strategy based on roadway excavation technology. Firstly, the end position of the path is determined
according to the initial pose of the roadheader. Then, Bessel curve is used to plan the path between
the starting point and the endpoint, and the pure tracking algorithm is used to track the planned path.
The measurement errors of X and Y coordinates and yaw angle of roadheader within 10 80 m shall
not exceed 10 mm, 32 mm and 0.65°. Using the point deviation correction strategy, the positioning
error of the roadheader at the end of the path is less than 13 mm, and the yaw angle error is less
than 0.16°. In the deviation correction process, the maximum angular velocity of the roadheader is
0.07 rad /s, which is less than 0.82 rad/s of the conventional deviation correction strategy. The results
show that the point deviation correction strategy can not only ensure the accuracy of motion control,
but also improve the stability of equipment motion.

Keywords: crawler walking equipment; cross laser; pose detection; automatic deviation correction
control strategy

1. Introduction

Coal is a large part of the global energy mix and an important primary energy [1-6].
The mining environment of underground coal mine is poor and even dangerous. The
rapid development of new industries, such as the new energy, new materials and infor-
mation industries, has absorbed a large number of talents, and hence impacted employ-
ment within the coal industry. The coal industry brain drain phenomenon has gradu-
ally emerged, and new talent is insufficient [7]. Therefore, intelligent coal mining is not
only helpful to improve the efficiency of coal mining and improve the working environ-
ment of workers, but also to cater for the need for sustainable development in the coal
industry [8-11].

Heavy equipment, such as roadheader and continuous miners, moves by crawler.
The automation of crawler walking equipment is the key to realize the intellectualization
of roadway excavation, and the autonomous navigation system is the foundation of the
intellectualization of crawler walking equipment. Crawler walking equipment navigation
technology includes two aspects: real-time detection of equipment pose and automatic
deviation correction control. The former is the basis of the latter [12].

M. Wu [13] applied the space intersection measurement technology to the measure-
ment of the pose parameters of the roadheader and simulated the working environment
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of the roadway for simulation analysis. R. Li [14] proposed a pose parameter detection
system of roadheader based on a fan laser. H. Chen [15] proposed a laser receiver spot
location algorithm based on window scanning, frequency domain filtering and window
scanning, which indirectly improves the detection accuracy of pose parameters. Y. Tao [16]
proposed a single-station multi-point time-sharing attitude measurement method based on
IGPS and designed an experimental system to verify the accuracy of the method. S. Fu [17]
applied ultra-wideband positioning technology to the pose detection of the roadheader
body and proposed a detection method of the pose parameters of the roadheader based
on ultra-wideband ranging. Y. Du [18] proposed a visual positional detection method
based on a double cross laser. W. Yang [19] proposed a situation as a whole positioning
method of roadheader based on a parallel laser beam. By analyzing and processing the
two-point and three-line images formed by the laser pointer, the attitude of the equip-
ment is obtained by using the spatial solution algorithm. K. Zhang [20] proposed a
pose detection method based on roof vision. Through the image preprocessing of the
roof, the roof target is identified, and the features are extracted. Then, the pose of the
roadheader is solved by PNP algorithm. Y. Tian [21] proposed an inertial navigation posi-
tioning method for Roadheader Based on zero speed correction. J. Yang [22] proposed a
vision/odometer/inertial navigation dynamic pose integrated measurement method and
corrected the measurement value of inertial navigation/odometer with reference to the vi-
sion measurement results. Yan [23] proposed a pose detection method of roadheader based
on multi-sensor fusion, and on this basis, studied the automatic cutting method of arbitrary
roadway sections.

Zhang [24] proposed an autonomous deviation correction method for roadheader
based on a regional grid. X. Zhang [25] studied the directional correction principle of
the roadheader in the roadway and established the directional correction model of the
roadheader. The trajectory tracking controller is designed based on Lyapunov function,
and the trajectory tracking problem of roadheader is solved by the backstepping method. J.
Yang [26] modelled the random constraint environment of the correct path of the roadheader
and classified the orientation correction problem of the roadheader as a general random
network problem. The road random mesh network model is defined, and the genetic
mutation particle swarm optimization algorithm is used to optimize the target path. The
simulation results show that the convergence speed and accuracy of this algorithm can
meet the requirements of directional correction path planning.

By studying the method of detecting the pose parameters of a fan-shaped laser, a
capstan navigation system based on a cross laser is proposed, improving the safety and re-
liability of the device downhole without reducing the effective service distance. The spatial
solution model of pose is established, and the capstan azimuth correction strategy using
tunnel technology is studied, improving the smoothness of the anchor digger movement
during deflection.

2. Materials and Methods
2.1. Pose Parameter Detection Method

The pose detection subsystem is composed of a laser emitter, three laser receivers, a
laser ranging sensor, a biaxial tilt sensor and an industrial computer, as shown in Figure 1.
The transverse laser emitter is arranged on the top of the tunnel, and the laser receiver,
distance measuring sensor and tilt sensor are arranged on the roadheader body. The
position coordinates of the spot projected on the laser receiver will also change accordingly
when the roadheader is twisted or moved. The change of the spot coordinates is detected by
the laser receiver and sent to the industrial computer as the data source for pose calculation.
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Figure 1. Pose detection method.

R. Li [14] proposed a plane solution method, which assumes that the roadheader
moves on an ideal horizontal plane. However, under actual working conditions, the
roadheader does not always move on the horizontal plane. The uneven road surface will
cause the roadheader to tilt, and the pitching and rolling motion of the roadheader will
also cause the point coordinates of the laser receiver to change. Using the plane algorithm
to calculate the pose parameters will produce errors. Therefore, it is necessary to study the
spatial algorithm of roadheader yaw angle and lateral offset. For example, a laser receiver
can be subject to analysis, as shown in Figure 2.

ZO A
Vertical laser plane

Laser receiver

Figure 2. Principle of pose parameter space algorithm.
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O0XopYoZy is the reference coordinate system; point O is the center of the laser receiver;
point P is the center of the laser spot and rp and rp are the coordinate vectors corresponding
to point O and point P, respectively. They are also the relative coordinate vectors from point
O to point according to the vector algorithm:

rp = ro + rop 1)

The coordinate vector rp obtains the coordinate vector by calculating the intersection of
the laser plane and the straight line where the laser receiver is located. While the expression
of the laser plane is determined by the mounting direction and position of the laser emitter,
the expression of the straight line where the laser receiver is located is determined by
the attitude parameters of the roadheader body and the installation mode of the laser
receiver. The coordinate vector rp can be obtained by left multiplying the coordinate vector
in the roadheader coordinate system (depending on the installation direction of the laser
receiver) by the direction cosine matrix from the roadheader coordinate system to the
reference coordinate system. The coordinate vector rop may be obtained by multiplying
the measured value of the laser receiver by its direction vector. Since there are three
laser receivers, three matrix equations can be established, and the lateral offset (X-axis
coordinate), altitude offset (Z-axis coordinate) and yaw angle of the roadheader can be
obtained [27].

dy = —dj(cosacosy — sinasin fsiny)
+a(1 — cosa cosy + sinasin fsin )
+bsina cos f — c(siny cos « + sina sin B cos )
d, = —d3z cos B cos y + az siny cos B (2)
—bssin B+ c3(1 — cos B cos )

(dy —dq) cosy + Hpsinvy
(dy —dq) sin Bsiny + Lo cos B — Hy sin B cos 7y

« = arctan

Herein, a, b and c denote the mounting positions of the laser receiver (1) on the
roadheader, and a3, b3 and c3 denote the mounting positions of the laser receiver 3) on the
roadheader. L is the front rear distance between the laser receivers @) and 2). H is the
height difference between the two laser receivers. di, d, and d3 are the measured values of
the laser receivers (D, @ and (3. B and + are the pitch angle and roll angle measured by the
tilt sensor, respectively.

2.2. Automatic Deviation Correction Control Strategy

At present, the deviation correction strategy of the roadheader is to track the roadway
centerline as the target path. Tracking accuracy and speed are the evaluation criteria of
tracking algorithms. However, through the analysis of the tunneling technology, it is found
that the coal wall will be cut only when the roadheader reaches the end position, while the
coal wall will not be cut during the forward movement of the roadheader. Therefore, the
forming accuracy of the roadway section has nothing to do with the position accuracy of
the roadheader during driving but is related to the pose of the roadheader at the endpoint
(i.e., the starting point of the next driving cycle).

In addition, the weight of the roadheader is much larger than that of the traditional
mobile robot. Therefore, in the process of correcting the deviation, the control input should
be reduced as much as possible to improve the smoothness of the tracking track and the
stability of the roadheader body motion. In this paper, the control strategy of point position
deviation correction is proposed to ensure the accuracy of deviation correction and improve
the stability of roadheader movement in the process of deviation correction. The point
deviation correction control strategy includes the three steps: the determination of the
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starting point and endpoint; path planning from the starting point to the endpoint and
tracking of the the planned path.

(1). Determine the starting point and end point;

(2). Path planning from the starting point to the end point;

(3)- Track the planned path.

2.2.1. Prediction Method of the Driving Cycle EndPoint

The starting point and endpoint of motion control must be determined before the
roadheader body is automatically calibrated. The starting point is the center coordinate
of the roadheader body at the initial position of the cycle, which can be measured by
the pose detection system. However, the selection of the endpoint needs to consider the
requirements of the roadheader motion stability during the deviation correction process,
and avoid large changes in the angle speed of the roadheader.

In this paper, we propose a path endpoint prediction method based on the initial
state. The basic principle of this method is to predict the end position according to the
position and angle of the roadheader at the starting point, and to predict the end position
without control input. If the position deviation of the prediction point is less than the initial
deviation, the prediction point is set as the endpoint of the cycle. If the deviation of the
predicted point is larger than the deviation of the starting point, the endpoint of the cycle is
set on the roadway centerline. If the starting point deviation is too large, the roadheader
deviation can be corrected in stages within multiple driving cycles. The predicted deviation
is less than the initial deviation (le; | < legl).

(1) The predicted deviation is less than the initial deviation (le; | < legl)

As shown in Figure 3, Oy is the starting point of the roadheader in the ideal state, Oy is
the endpoint of the roadheader in the ideal state, located on the Y axis, and its y coordinate
is the distance of the driving footage of each cycle. Py is the actual starting point, that is,
the current position of the roadheader; «g is the yaw angle of the roadheader at the starting
point and ey is the deviation of the body position of the roadheader at the starting point.
Furthermore, P; is the endpoint predicted according to the pose of the roadheader at the
starting point; e; is the deviation of the prediction point and L. is the driving cycle footage.

Tunnel

Xy

Figure 3. The starting point and endpoint when le; | < legl.
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The position deviation of the roadheader is indicated to tend to decrease by ley | < legl.
In order to stabilize the movement of the roadheader, the control input should be reduced
as much as possible. The initial speed and direction of the roadheader remain unchanged
and the forward travel distance L. reaches the point P;. If this point is set as the endpoint,
the coordinates of the endpoint are (ep-Lctan ag, Lc).

(2) The predicted deviation is greater than the initial deviation, and the initial deviation is
less than the maximum deviation correction amount (le; | > legl and leg! < [e]).

When the lateral (X-axis) deviation at the starting point is large, if you try to eliminate
the lateral deviation within a driving cycle, it may affect the flatness of the roadway. Defin-
ing [e] as the maximum adjustment amount allowed for a single drive cycle, signifies [e] as
the X-axis difference between the start and end of the cycle. Since legl < [e] indicates that
the starting point deviation of the roadheader at the starting point is small, the roadheader
position deviation can be adjusted to zero within one cycle. In fact, le; | > leg| indicates
that the position deviation of the roadheader continues to increase. At this time, the target
point P; is set on the Y-axis with coordinates (0, L.), as shown in Figure 4.

Tunnel

Xy

Figure 4. The starting point and endpoint when le; | > legl and leg| < [e].

(3) The predicted deviation is greater than the initial deviation, and the initial deviation is
greater than the maximum correction amount (le; | > legl and legl > [e]).

While e; > ¢y indicates that the position deviation of the roadheader continues to
increase, leg| > [e] indicates that the deviation of the anchor point of the windlass at the
anchor point is large, which is not suitable for eliminating the lateral deviation of the
roadheader in a driving cycle. If the maximum allowable adjustment amount in a single
cycle is [e], then the coordinate of the trajectory endpoint P is (e; % [e], Lc). When e is
greater than zero, the negative sign is taken and when e, is less than zero, the positive sign
is taken, as shown in Figure 5.
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Figure 5. The starting point and endpoint when le; | > legl and leg| > [e].

2.2.2. Path Planning Research

The main research aim is to generate a path from the starting point P to the endpoint
Py of the driving cycle, which satisfies the kinematic constraints, as a reference for driving
the body motion of the roadheader. To ensure that the path is feasible, the following
constraints should be met [28]:

The first derivative of the path curve function is continuous.

The tangent of the starting point on the path is consistent with the initial speed
direction of the roadheader, and the tangent direction of the endpoint on the path is
consistent with the roadway centerline (i.e., Y axis).

The curvature of each point on the path should be continuous and bounded.

The trajectories satisfying the above conditions include plane curves, such as polyno-
mial fitting curves and Bezier curves.

Polynomial Fitting Path

If the above constraint conditions are to be met, at least cubic polynomial curve shall
be used. The general formula of a polynomial is:

x=ay’ +by* +cy+d (©)]

The classification and discussion according to different cycle endpoints are as follows:
1) legl < el
At this time, the target point P; is set on an extension line in the initial speed direction.
Clearly, the planned path is a straight line, starting from Py and ending at P;. The curve
equation is:
x = ytanag +eo, (0 < y < L) )
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(2) lepl > legl and leg!l < [e]

As shown in Figure 6, the target path is a cubic polynomial curve connecting the start
point Py and the endpoint P;.

—————— O—_
P —— >0‘0
_ — a
— 1
80 = =~ ~~
—
—
S —-. S A——
0, O,(P,) Y
X

Figure 6. The cubic polynomial path when le; | > eyl and legl < [e].

According to the constraint conditions, the polynomial boundary conditions are:

x(0) = e

*(Le) = ©)
x'(0) = tanay

x'(Le) =0

The first two constraints represent the position constraints of the roadheader at the
starting point and the endpoint, respectively. The last two constraints represent the ori-
entation constraints of the roadheader at the start and endpoints. In order to avoid the
attitude sudden change of the roadheader when stared, the tangent vector of the start point
is consistent with the direction of the initial speed. In order to correct the heading of the
roadheader, the tangent vector at the endpoint is consistent with the Y axis.

By substituting the boundary condition (5) into the general Formula (4), the coefficient
can be obtained

L tan ag + 2¢g
= —
L2
b _ 2L, tanag + 3eg
- L2 (6)
c =tanug
d= €
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(3) legl > legl and legl > [e]

As shown in Figure 7, the solution of the curve equation is similar to the second case,
and the boundary conditions are:

y(0) =eo

}/(Lc) =e T [e]

y'(0) = tanayg @
¥ (L) =

By substituting the boundary condition (7) into Equation (4), the coefficients can
be obtained

L. tana +2(ep £ [e])
a= 7
2L tana + 3(ep £ [e])

b= - e ®

¢ =tanug

d= €
X

——————— -@—_
_Pr—ﬂ{:// ’’’’’
x —_—
~
~ ~ e
€ = - \Pl
i eo-le]

0, 0, Y

Figure 7. The cubic polynomial path when le; | > eyl and leg| > [e].

The Bezier Curve Path

The Bezier curve is a two-dimensional curve obtained by a recursive method ac-
cording to the positions of starting point, endpoint and control point. The shape of the
Bezier curve can be changed by adjusting the position of the control points. The n control
point corresponds to the Bessel curve of order n — 1. The third-order Bessel curve has
the following important characteristics: the derivative of the curve at t = 0 is the same
as the slope (derivative) of PyC;, and the derivative at t = 1 is the same as the slope
(derivative) of C,P;1. Therefore, the third-order Bessel curve meets the requirements of
path planning.

The third-order Bezier curve needs two control points, C; and C,. Adjusting the
distances from the control points (C; and Cp) to the starting point and the endpoint changes
the shape of the curve accordingly. The distance from the control point to the starting point
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(endpoint) is defined as KsL., where L. is the driving cycle footage and Kj is the shape coef-
ficient of Bessel curve, which is taken from 0 to 1. Different shape coefficients correspond
to different curve shapes. The classification and discussion according to different cycle
endpoints are as follows:

(1) |€1 | < |€0 |
The yaw angle of the roadheader at the start point on the target path is the same as

that at the endpoint.The Bezier curve degenerates into a straight line, and the target path is
a straight line between the start point Py and the endpoint P;.

(2) legl > legl and leg!l < [e]

In order to meet the requirements of the automatic deviation correction trajectory
constraint of the roadheader, the control point C; is selected on the tangent of the curve
starting point, that is, the extension line of the initial speed direction. The control point
C, is selected on the tangent line at the end of the curve, that is, on the Y-axis, as shown
in Figure 8.

KSLC N|
C] -—_______——"'——_——’—_———_
Py _— %7 a
w \\
o~
) \\\
~
0, C, O,P)) Y
KL,
LC
X

Figure 8. Planning path of third-order Bessel curve when le; | > legl and leg| < [e].

The start and end coordinates are Py(ep,0) and P1(0,L.), respectively. The distance
between the control point C; and the starting point Py, and the distance from control point
C; to endpoint Oy are KsL.. The coordinate of the control point is (C; (K = Lc,eg + KsLctanay),
C2 (Lc - KsLC/O))'

(3) legl > leglandleg! > [e]

Similarly to the second case, the control point C; is selected on the tangent of the curve
starting point, that is, the extension line of the initial speed direction. The control point C,
is selected on the parallel line between point P; and the Y axis, as shown in Figure 9.
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Figure 9. The planning path of the third-order Bessel curve when lej | > eyl and leg| > [e].

The coordinate of the control point C; is (Lo — KsLc, ¢ =£ [e]), and the rest is the same
as the second case.

2.2.3. Research on the Trajectory Tracking Algorithm

Trajectory tracking control methods include the PID tracking model, the pure tracking
model and the neural network. The PID tracking control algorithm is relatively mature, but
the optimal control parameters are complex, and it is difficult to obtain the optimal parame-
ters under complex conditions. The neural network control algorithm needs to collect a
large number of samples for training and verification, which is difficult to realize [29]. The
pure tracking algorithm adopts the preview following principle, and the tracking process
is very smooth, which meets the requirements of the windlass deviation correction for
stability. To sum up, this paper uses the pure tracking algorithm to track the planned path.

The pure tracking algorithm works via the curvature of the computer body moving
from the current position to the target point, as shown in Figure 10. Firstly, a target point
is selected, which is located at a certain distance in front of the roadheader. The target
trajectory is discretized to obtain the tracking target point sequence Gy (xg’yek') k=1,
2,3 ... .... XpOpYp.Figure 10 represents the roadway coordinate system, and XBOBYB
represents the roadheader coordinate system. G is an arbitrary target point on the planning
path, and (xg,yg) is the coordinate of the target point in the roadheader coordinate system.
The yaw angle is &, ¢ is the angle at which the roadheader rotates from the current point
Og to the target point G along the arc and L. is the preview distance.

Assuming that the roadheader moves on a plane, the motion curvature of the road-
header body can be defined as the reciprocal of the distance from the center of the body to
the instantaneous rotation center, and the sign is opposite to the sign of the motion radius.
This entails taking the negative sign in the clockwise direction, and taking the positive
sign in the reverse direction. The curvature also represents the instantaneous change of the
relative movement distance in the roadheader direction, as shown in Equation (9) [30].

1 da

P="=73 )
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Figure 10. The pure-pursuit algorithm.

It must be established that the coordinate system XBOBYB is attached to the road-
header, and the YB axis is consistent with the movement direction. The instantaneous
center is always located on the XB axis in the roadheader coordinate system. According to
the pure tracking control strategy, the curvature of the roadheader at the current position
is equal to the radius of the fitting arc from the current point to the target point, and the
distance from the target point to the current point becomes the preview distance [31]. The
arc is a tangent to the YB axis, so the coordinates of the target point in the roadheader body
coordinate system can be calculated by the following formula:

xg = cosp —1
. Psp (10)
Yo = sin ¢
8 Osp

where ¢ is the angle that the roadheader body turns from the current point to the target
point along the arc and psp is the curvature of the current point.
The preview distance can be calculated by the following formula:

2—2cosgp _ 2xg

L2, =x2+12 = (11)
fe § g pgp Osp
In accordance with (11) and (12), the roadheader body angle, is:
- 2XgYg
@ = —arcsin 2 (12)

fc
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It should be noted that xz and y; are local coordinates under the roadheader body
coordinate system, and the target point sequence is the global coordinates under the
roadway coordinate system. Therefore, it is necessary to convert the global coordinates
into local coordinates, that is

{ Xg } _ { cosa  sinw ] xig—x 13)
Yg —SInx COS& yg—y
where « is the yaw angle and (x,y) is the current position coordinate of the windlass body.

The state update equation of motion is:

Xj41 = Xp + U COS &ity

Y41 = Yk + U sinagty

(14)
X1 = Xk + @
Uk+1 = Uk + axta
where gy is the acceleration, which can be calculated by the following formula
ay = K(vg —vg_1) (15)

where v is the target speed, vy_1 is the current speed and K is the speed gain.

3. Results
3.1. Simulation Analysis Results

Through setting different parameters, the deviation correction characteristics of the
roadheader under the initial conditions can be simulated and analyzed. The difference

between the point deviation correction control strategy and the traditional deviation correc-
tion strategy is compared. The simulation parameter settings are shown in Table 1.

Table 1. Simulation parameter settings.

Parameter Setting Set Value
Preview distance L¢./m 0.1
Track spacing Wg/m 3.2
Initial lateral offset ey /m 0.04
Speed gain K 0.1
Time interval ty/s 0.1
Cyclic footage L./m 1
Initial yaw angle «¢/° 0.5

As described above, the selection of the endpoint of the driving cycle is related to the
pose of the roadheader body at the starting point. When the deviation of the prediction
point is smaller than the initial deviation (i.e., le; | < leg ), the target path is a straight line
between the starting point and the prediction point. When the deviation of the prediction
point is greater than the initial deviation (i.e.,, le;| > legl), the target path is a cubic
polynomial curve or a Bezier curve. If the lateral deviation of the roadheader at the starting
point is greater than the maximum adjustment amount of a single driving cycle, it is
necessary to gradually correct the position deviation of the roadheader in multiple driving
cycles. The deviation correction strategy in each driving cycle is basically the same as
when lej| > legl and leg| < [e]. Therefore, this section only analyzes le;| > leg| and

leg | < el
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3.1.1. Analysis of Path Smoothness and Deviation Correction Accuracy

Figure 11 is a track of the roadheader center under the point position correction
strategy and the conventional correction strategy. The conventional deviation correction
strategy takes the roadway center line as the target path to track. The point correction
strategy uses a polynomial curve or a Bezier curve as the tracking target path, as can be
seen from Figure 11.

0.05
- - -Polynomial curve trace
0.04 —Bessel curve trace
----- Roadway centerline trace
— Roadway centerline
0.03 -
E 002
>
0.01 -
0 N
-0.01 ‘ ‘ ‘ :
0 02 0.4 0.6 0.8 1

Y /m
Figure 11. A comparison of the tracking trajectories of different planning paths.

When tracking the center line of the road, the pure tracking algorithm appears to
“overshoot”, and the smoothness of the tracking is poor.

When the planning path is a Bezier curve or polynomial curve, the tracking is relatively
smooth. By adjusting the shape coefficient Ks of a Bezier curve from 0.1 to 0.7, the shape
of the tracking track will change accordingly. The smaller the shape coefficient, the larger
the curvature of the tracking at the starting point and the endpoint, and the smaller the
curvature in the middle. On the contrary, the larger the shape coefficient, the smaller
the curvature of the trajectory at the start and endpoints, and the larger the curvature in
the middle.

The preview distance is an important parameter of the pure tracking algorithm. The
larger the preview distance, the smoother the =tracking, but the larger the tracking error.
The smaller the preview distance, the more accurate the trajectory tracking is, but the
stability is poor. In order to analyze the influence of the pre-sighting distance on the
stability of the tracking trajectory, the pre-sighting distances of 0.1 m, 0.3 m and 0.5 m
were taken to compare the trend of the different curves. The analysis results are shown
in Figure 12.

As can be seen from Figure 12, for target paths such as a Bezier curve, cubic polynomial
or road centerline, with the increase in preview distance the curvature of each point on the
tracking track curve becomes smaller and the tracking becomes smoother.

The greater the preview distance, the greater the X coordinate of the roadheader at the
endpoint (i.e., the lateral offset of the roadheader). By comparing the tracking trajectories at
different pre-sighting distances, it can be seen that the error at the endpoint is significantly
larger for a pre-sighting distance of 0.5 m than for the other two values with the same
coefficient, so the preview distance Ly < 0.3 m is more appropriate.
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Figure 12. A comparison of tracking trajectories to different lookahead distances.

3.1.2. Roadheader Stability Analysis

The roadheader shall be as stable as possible during the rectification process. Here,
the angular velocity of the roadheader body shall be analyzed as an evaluation standard.
The smaller the absolute value of the angular velocity, the smaller the change, and the more
stable the roadheader body.

As shown in Figure 13, firstly, when the preview distance L = 0.1 m, the maximum
angular velocity is significantly higher than that when the preview distance is 0.3 m and
0.5 m. In addition, the angular velocity fluctuations are large and frequent, and at this
point the anchor digger body is at its least stable. Secondly, for the point position correction
strategy, when the target path is a Bezier curve, the larger the shape coefficient Kg, the
greater the change of the angular velocity. Thirdly, for the traditional correction strategy,
the maximum angular velocity is much higher than the point correction strategy.

3.2. Experimental Results

The direction correction control of the roadheader needs to detect the X-axis coordinate,
Y-axis coordinate and yaw angle of the roadheader body in the tunnel. Therefore, the main
purpose of the ground experiment is to verify the measurement accuracy of the laser
navigation system for the above three key attitude parameters.

This involves arranging a laser emitter at the starting point to provide a reference and
installing the laser receiver, tilt sensor, distance measuring sensor and controller, etc., on
the crawler, as shown in Figure 14.
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Figure 13. An angular velocity comparison under different planning paths and lookahead distances.
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Figure 14. The experiment set.

The parameters of each experimental device are shown in the Tables 2—4.
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X-axis measurement error/mm

Table 2. Laser emitter parameters.

Parameter Setting Set Value
Effective Distance/m 100
Laser wavelength/nm 530
Emitted power/mW 15

Table 3. Laser receiver parameters.

Parameter Setting Set Value
Receiver effective length/mm 300
Measurement resolution/mm 3
Lateral offset measurement accuracy/mm 5
Accuracy of heading angle measurement/° 0.3
Receiver supply voltage/V 24

Table 4. Inclination sensor parameters.

Parameter Setting Set Value
Operating voltage/V 12~24
Operating current/mA <15
Measuring range/° —90~90
Baud rate/bps 57,600
Measurement accuracy/° +0.5

3.2.1. Pose Detection and Measurement Experiment

The experiment must be started at a distance of 10 m, and the laser emitter must be
adjusted so that the laser plane is perpendicular to the ground and consistent with the
reference line. By adjusting the pose of the crawler robot, the spot position coordinates of
the two laser receivers are zero, and the state at this time can be taken as the initial state. The
pose of the crawler robot should be changed, and then the steel ruler and high-precision
goniometer used to measure the yaw angle and the lateral deviation of the roadheader as
the actual value. Comparison of the measured value of the navigation system with the
actual value provides the measurement error. These experimental steps were repeated
20 times to obtain a plurality of measurement errors and obtain the standard deviation of
the measurement error. The distance between the crawler robot and the laser emitter must
be increased at 10 m intervals each time, and then the experimental steps repeated. The
measurement error of attitude parameters is shown in Figure 15.
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Figure 15. The measurement error of the pose parameter.

Within the range of 10-80 m, the X-axis coordinate measurement error generally
increases with the increase in distance, the standard deviation of error is between 1-6 mm,
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Laser receiver

Laser emitter

and the maximum error is between 3-10 mm. The Y-axis coordinate measurement error
generally increases with the increase in distance, the standard deviation of error is between
4-14 mm, and the maximum error is between 10-32 mm. The measurement error of yaw
angle does not obviously change with distance. The standard deviation of error is between
0.1-0.3°, and the maximum error is between 0.25-0.65°.

After the completion of the ground test, in order to further verify the reliability of the
navigation system under the actual working conditions, a downhole industrial test was
carried out. The test site is shown in Figure 16.

Laser receiver

Laser receiver 1

. 2 =
Laser receiver 3’/t/

Laser emitter

Inclination sensor

Figure 16. The industrial test scenario.

The northeast celestial coordinate system is adopted in the mining area to indicate
the direction of the roadheader. The reference system (navigation coordinate system) is
defined as the X-axis representing the east, the Y-axis representing the north and the Z-axis
representing the sky. The X axis of the roadheader coordinate system refers to the right
side of the roadheader, the Yg axis refers to the forward direction and the Zg axis refers to
the upper side. The yaw angle is zero when the Yg axis of the roadheader points north. The
heading direction of the tunnel is due west. Figure 17 is the monitoring data of the pose
parameters of the excavation roadheader in a certain period of time.

The experimental data showed that the roadheader moved westward about 0.7 m at
10:53 and retreated to the starting position at 10:56. This situation is essentially consistent
with the on-site feedback. The yaw angle, pitch angle and roll angle of the roadheader have
no obvious increase or decrease trend, but the measured data fluctuate within a certain
range. Comparing the ground experiments, the fuselage offset error is close to the range of
the heading angle error. The analysis results show that the laser navigation system of the
roadheader can adapt to the underground working environment and continuously detect
the attitude parameters of the roadheader body.
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Figure 17. Pose parameter monitoring data.

3.2.2. Deviation Correction Control Strategy Verification Experiment

The purpose of this experiment is to verify the control accuracy of the proposed point
position correction algorithm and the stability of the carrier in the correction process. The
experiment uses the crawler robot to simulate the roadheader. The laser navigation system
proposed in this paper is used to measure the X coordinate (lateral offset), Y coordinate
(forward distance) and yaw angle of the robot in real-time. In the experiment, a ruler was
placed to mark the road centerline and used as the Y axis. By taking the laser emitter
position as the origin, as shown in Figure 14, a reference coordinate system is established
with the right side of the vertical Y axis as the X axis. During the experiment, the pose
parameters measured by the navigation system are transmitted to the controller. According
to the current pose, the left and right trajectory speeds are controlled according to the
deviation correction control strategy proposed in this paper.

According to the road driving technology, the footage of each driving cycle is set to
1 m, and the maximum deviation correction amount of each driving cycle is 0.05 m. Three
sets of initial conditions are established, as shown in Table 5. The three groups differ
in thier initial conditions: the predicted deviation may be less than the initial deviation
and the predicted deviation may be greater than the initial deviation. Thirdly the pre-
dicted deviation may be greater than the initial deviation and hence the initial deviation
may be greater than the maximum correction amount. For the initial conditions of group
1 and group 3, according to the point position correction strategy, the deviation correc-
tion must be completed in two driving cycles, hence the Y coordinate of the endpoint is
set to 2 m.
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Table 5. The initial conditions for the deviation correction experiment.

Number Initial Coordinates/m Endpoint Coordinates/m Initial Yaw Angle/°
1 (—0.1,0) ©,2) —1°
2 (—0.04, 0) 0,1) 1°
3 (=0.1,0) ©,2) 1°

The point correction strategy takes the Bezier curve as the target path, while the
traditional correction strategy takes the road center line as the target path and uses the pure
tracking algorithm to track different target paths. The control accuracy and motion stability
of the tracked robot under different correction strategies are compared. As described above,
the control accuracy is evaluated based on the position and yaw angle error of the tracked
robot at the endpoint. The motion stability is evaluated by correcting the maximum angular
velocity during the deviation.

Table 6 shows the position error, angle error and maximum angular velocity in the
motion control process when the tracked robot reaches the endpoint under different initial
conditions and different deviation correction strategies.

Table 6. A performance comparison of different correction strategies.

Number Tareet Path Position Deviation at  Angle Deviation at the Maximum Angular
& the Endpoint/mm Endpoint/° Velocity/rad/s
Point correction
o . strategy 8 0.12 0.06
Initial condition 1 Conventional
correction strategy 4 —0.14 —0.37
Point correction
. .. strategy -9 —-0.12 0.07
Initial condition 2 Conventional
correction strategy 3 —0.08 —046
Point correction 13 016 0.07
.. ... strategy ) :
Initial condition 3 Conventional . o0 s

correction strategy

Through comparison, two findings become apparent. Firstly, under different initial
conditions, there is no difference in the position deviation and angle deviation at the end-
point by using the point position correction strategy or the conventional correction strategy.
When applying the point position correction strategy, the maximum position deviation
is 13 mm and the maximum angle deviation is 0.16°. When applying the conventional
deviation correction strategy, the maximum position deviation is 9 mm and the maximum
angle deviation is 0.14°. Secondly, under different initial conditions, the maximum angular
velocity is less than 0.07 rad /s in the process of using the point correction strategy. The max-
imum angular velocity is 0.37, 0.46 and 0.82 rad/s, in the process of using the conventional
correction strategy. This maximum angular velocity is a much greater angular velocity than
when adopting a point correction strategy. The experimental results show that the point
position correction strategy has good motion control accuracy, and the motion stability of
the roadheader is better than the conventional correction strategy.

4. Discussion

A navigation system of the roadheader based on the cross laser is proposed. The
spatial algorithms of the key pose parameters such as yaw angle, roadheader body lateral
offset and altitude offset are studied. The mathematical model between the key pose
parameters, the measured data of the laser receiver (point coordinates) and the measured
data of the tilt sensor (pitch angle and roll angle) is established by vector algorithm. On
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this basis, this paper studies the control strategy of deviation correction of the roadheader,
and puts forward the control strategy of point deviation correction based on the tunneling
technology. The strategy first determines the end position of the driving cycle according to
the initial pose of the roadheader, and then uses a Bezier curve to plan the path between
the start point and the endpoint. Finally, a pure tracking algorithm is used to track the
planned path.

5. Conclusions

The experimental results show that the standard deviations of the X-axis coordinate,
Y-axis coordinate and yaw angle errors are less than 6 mm, 14 mm and 0.3°, respectively,
and the maximum errors are less than 10 mm, 32 mm and 0.65°, respectively. This is
indicative of high accuracy, sufficient to meet the accuracy requirements of detection. The
position error of the tracked vehicle is less than 13 mm and the yaw angle error is less
than 0.16°, which meets the requirements of motion control accuracy. At the same time,
the maximum angular velocity in the correction process is 0.07 rad /s, which is less than
0.82 rad/s in the traditional correction strategy. This improves the stability of the road-
header movement while ensuring correction accuracy.
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