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Abstract: In response to the challenges of multiple personnel, heavy support tasks, and high labor
intensity in coal mine tunnel drilling and anchoring operations, this study proposes a novel tracked
drilling and anchoring robot. The robot is required to maintain alignment with the centerline of the
tunnel during operation. However, owing to the effects of skidding and slipping between the track
mechanism and the floor, the precise control of a drilling and anchoring robot in tunnel environments
is difficult to achieve. Through an analysis of the body and track mechanisms of the drilling and
anchoring robot, a kinematic model reflecting the pose, steering radius, steering curvature, and
angular velocity of the drive wheel of the drilling and anchoring robot was established. This
facilitated the determination of speed control requirements for the track mechanism under varying
driving conditions. Mathematical models were developed to describe the relationships between a
tracked drilling and anchoring robot and several key factors in tunnel environments, including the
minimum steering space required by the robot, the minimum relative steering radius, the steering
angle, and the lateral distance to the sidewalls. Based on these models, deviation-correction control
strategies were formulated for the robot, and deviation-correction path planning was completed.
In addition, a PID motion controller was developed for the robot, and trajectory-tracking control
simulation experiments were conducted. The experimental results indicate that the tracked drilling
and anchoring robot achieves precise control of trajectory tracking, with a tracking error of less
than 0.004 m in the x-direction from the tunnel centerline and less than 0.001 m in the y-direction.
Considering the influence of skidding, the deviation correction control performance test experiments
of the tracked drilling and anchoring robot at dy = 0.5 m away from the tunnel centerline were
completed. In the experiments, the tracked drilling and anchoring robot exhibited a significant
difference in speed between the two sides of the tracks with a track skid rate of 0.22. Although
the real-time tracking maximum error in the y-direction from the tunnel centerline was 0.13 m, the
final error was 0.003 m, meeting the requirements for position deviation control of the drilling and
anchoring robot in tunnel environments. These research findings provide a theoretical basis and
technical support for the intelligent control of tracked mobile devices in coal mine tunnels, with
significant theoretical and engineering implications.

Keywords: drilling and anchoring robot; track mechanism; skidding and slipping; deviation correc-
tion control; path tracking

1. Introduction

During the coal mine tunneling process, the permanent support time accounts for
60% of the total time [1,2]. There are issues such as excessive personnel, heavy support
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tasks, and high labor intensity [3-5]. This paper proposes a novel tracked drilling and
anchoring robot that is required to maintain alignment with the centerline of the tunnel
during operation. Owing to the complex nonlinear interaction between the track and
the floor, accompanied by high-speed track skidding and low-speed track slipping [6],
the drilling and anchoring robot is prone to collisions with the sidewalls of the tunnel in
tunnel environments.

In a study on tracked chassis steering, Jia W. [7] determined the track force of tracked
vehicles during steering based on a shear stress model, established a dynamic model with
high computational accuracy, and investigated the steering stability of tracked vehicles
in sandy road environments under different steering conditions. Xiong H. [8] provided
a dynamic model of the tracked mechanism and a method for motion control in a new
underwater environment with nonholonomic constraints and used the Lyapunov principle
to verify its safety. Qin H.W. [9] presented a comprehensive overview of recent advance-
ments and breakthroughs in the field of path planning for mobile robots while conducting
an in-depth examination and comparison of various path-planning algorithms. Sabiha
A.D. [10] optimized the backstepping controller as a kinematic controller and verified the
stability analysis of the entire system based on Lyapunov theory. Saglia J. [11] studied
the establishment of dynamic models and the adjustment of control gains. The research
optimizes the control parameters by analyzing and reducing the execution conflicts and
tracking errors. Simulations and experiments have been conducted to implement the
analysis and control strategies in mechanisms. Fang Y. [12] established a dynamic model
of a negative-pressure suction-tracked wall-climbing robot based on the discrete method
of track force load and analyzed the influence of design parameters on the motion perfor-
mance of tracked robots. Ishikawa T. [13] developed a trajectory tracking control system for
dump trucks tracked on both hard and soft surfaces, enabling path tracking under varying
ground conditions. Zhang M.]. [14] addressed the slippage and tunnel gradient issues.
They established a neural network PID-based motion control algorithm for a boom-type
roadheader, achieving real-time correction control of the roadheader. Qu Y.Y. [15] achieved
deviation correction for roadheader body walking based on pose deviation path tracking
control. Zhang X.H. [16] proposed an automatic directional excavation control method
for boom-type roadheaders based on visual navigation, thereby realizing the automatic
directional excavation function of the boom-type roadheader. The motion control accuracy
is within £20 mm. Mao Q.H. [17] proposed a deviation correction path planning method
based on an Improved Particle Swarm Optimization (I-PSO) algorithm for a full-width
horizontal axis roadheader, achieving path planning for the EJM340/4-2 type full-width
horizontal axis roadheader.

In summary, the interaction between the track mechanism and the roadway surface
is complex, particularly in the confined spaces of underground coal mine tunnels. The
track mechanism cannot freely change direction, necessitating a thorough analysis of the
track mechanism and steering performance. Therefore, this paper will study the following
aspects. First, the article introduces the overall structure and key parameters of the drilling
and anchoring robot, laying the foundation for its subsequent analysis. Secondly, the paper
analyzes the steering kinematics of the drilling and anchoring robot, investigating the
fundamental principles behind its maneuverability. Next, the article discusses the deviation
correction control strategy for the drilling and anchoring robot, which is crucial for ensuring
the accuracy and reliability of its drilling and anchoring operations. Furthermore, the paper
analyzes the path tracking control testing conducted on the drilling and anchoring robot,
evaluating its ability to accurately follow a specified trajectory. Finally, the article tests
and analyzes the lane deviation control of the drilling and anchoring robot in tunnel
environments, assessing its overall applicability in such challenging applications.

2. Structure and Parameters of the Drilling and Anchoring Robot

Drilling and anchoring robots can be used in conjunction with traditional roadheaders,
robotic roadheaders, bolter miners, and other equipment to complete support and drilling
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tasks, reduce the labor intensity of workers, and improve drilling efficiency. The drilling
and anchoring robot mainly consists of a main frame, left-track mechanism, right-track
mechanism, and other components, as shown in Figure 1. Depending on the research
requirements, the tunnel coordinate system Oy, and the drilling and anchoring robot coordi-
nate system O, were established where 6 represents the yaw angle, a represents the pitch
angle, and ¢ represents the roll angle.

Figure 1. Composition of drilling and anchoring robot. 1. Left track mechanism, 2. main frame,
3. right track mechanism.

A 3D model of the track mechanism of the drilling and anchoring robot is shown
in Figure 2, where By represents the track width, ry is the radius of the driving wheel, rp
is the radius of the driven wheel, L is the length of the track contact segment with the
ground, D is the overall length of the track, d is the track pitch, and h is the track thickness.
Owing to the thickness of the track, the influence of track thickness cannot be ignored when
determining the traveling speed of the robot.

Figure 2. The 3D model of the track mechanism.

The drilling and anchoring robot uses typical differential steering, where the speed and
direction are mainly controlled by adjusting the rotation speed of the driving wheels on the
left and right tracks to achieve precise tracking control of the predetermined trajectory. The
planar steering model of the drilling and anchoring robot is illustrated in Figure 3, where O
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represents the symmetrical center of the two track axes of the drilling and anchoring robot,
CM denotes the center of mass of the robot, a is the distance from O to CM, and B is the

distance between the centerlines of the left and right tracks. The primary parameters of the
drilling and anchoring robots are listed in Table 1.

Figure 3. The geometric configuration of the tracked drilling and anchoring robot’s differential drive
system in the xy plane.

Table 1. Main parameters of the drilling and anchoring robot.

Parameters Value
Dimensions (Lg x Wy x H) 495 %428 x31m
Track distance (B) 39m
Distance from front axle to front end (L) 2.01m
Distance from rear axle to rear end (L;) 0.83m
The distance of CM offset (a) 0.1m
Travel speed (v) 0~30 m/min
Track length (D) 2.67 m
Track width (By) 0.38 m
Track thickness (h) 0.04 m
Length of track contact with ground (L) 211m

3. Steering Kinematics Analysis of the Drilling and Anchoring Robot
3.1. Kinematic Analysis

The definition of the state variables of the drilling and anchoring robot in the global co-
ordinate system of the tunnel is denoted by P = (x, y, G)T, whereas the state variables in the
local coordinate system of the drilling and anchoring robot are denoted by Py = (x;, yr, Gr)T

The orthogonal rotation matrix R(6) mapping of the local coordinate system of the drilling
and anchoring robot to the global coordinate system is as follows [18]:

cosf —sinf 0
R(6) = |sin® cos® O 1)
0 0 1

The relationship between P and P, can be expressed as P = R(6)P;, P, = R1 (0)P.
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Without considering the skidding factor, based on the principles of theoretical mechan-
ics, the kinematic equations [19] of the drilling and anchoring robot in the tunnel coordinate
system can be established as follows.

v = wr(r1 +h)
vr = wr(r1 +h)

v = (vr +vR)/2 )
w=(vg—vL)/B
v, = wa

where v; and v represent the linear velocities of the left and right tracks; wy and wg
represent the angular velocities of the left and right track drive wheels; v is the linear
velocity of the robot at point o; w represents the angular velocity of the robot at point
o; and v, represents the linear velocity of the drilling and anchoring robot’s CM. The
equation for the motion relationship of the CM of the drilling and anchoring robot is given
as follows [20]:

(7‘1+h) cos 0 + drsin 0 (7’1+h) cos 0 __drsinf
B

. X > 5 oL
P = y — (71+hz) sinf drcE?sG (71+hz) sin @ + drcf?se [CCZL] 3)
0 _(nth) (n+h) R
B

As can be seen from the above equation, the drilling and anchoring robot con-
sists of three variables, whereas the control inputs have only two, making it a typical
nonholonomic system.

3.2. Steering Curvature Analysis of the Drilling and Anchoring Robot

To eliminate the influence of the drilling and anchoring robot’s own width on the
steering performance, the concept of relative steering radius is introduced, defined as

p=R/B 4)

where R represents the track steering radius, and B represents the track center distance.
When wy and wg are constant, the steering curvature x of the robot is given by:

Q: 2(vg —vr) _ 2(wr—wi) 5)
v

K <
- B(vgr +vr)  B(wr+wr)

Because the drilling and anchoring robot’s travel speed ranged from 0 to 30 m/min,
four different values of v, (0, 10, 20, and 30 m/min) were chosen. Simultaneously, the vg
range was set to [-30, 30] m/min. A simulation analysis was conducted to examine the
changes in the steering curvature and travel speed of the drilling and anchoring robots
under these four scenarios, as illustrated in the following Figure 4.

From the simulation results, it can be concluded that the greater the difference between
the speeds of the left and right track wheels, the larger is the steering curvature, indicating
a smaller turning radius for the drilling and anchoring robot. Conversely, when the speeds
of the left and right track wheels were closer, the steering curvature was smaller and the
steering of the drilling and anchoring robot was smoother. When the drilling and anchoring
robot traveled at the maximum speed (v = vnmay), the steering curvature of the robot was 0.
At this point, the drilling and anchoring robot could only move along a straight line.
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Figure 4. The relationship curve between the robot’s steering curvature x, velocity v, and the speeds
of the left track v, and right track vy (vp, =0, 10, 20, 30).

3.3. Analysis of Skid Steering in Drilling and Anchoring Robots

The walking mechanism of the drilling and anchoring robot is a tracked structure that
is always accompanied by skidding and slipping phenomena during movement. When
describing the characteristics of a robot’s track skidding and slipping, it is assumed that the
tracks at all points cannot be stretched, meaning that no deformation occurs. The motion
of the drilling and anchoring robot was analyzed based on the ground mechanics model
developed by Wong [21]. i represents the state of track skidding and slipping, is represents
the skid rate, and i; represents the slip rate. The following relationship can be obtained:

(6)

i { % (1= +225) x 100% = is, ifry > re
71’_“”{5?1%) =(1- %) X 100% = it,ifry < re
where 7. represents the effective rolling radius of the drive wheel of the track.

In this equation, the skidding and slipping ratios can be used for the entire motion pro-
cess of different drilling and anchoring robots, including acceleration or braking. Because
the drilling and anchoring robot travels at a slow speed in tunnel environments, only the
slip situation of the track is considered in this study (i = i;). Therefore, the actual traveling
speed and relative steering radius of the drilling and anchoring robots can be determined
using the following equations:

_ wr(l—ig)+wp (1—ip) @)
P = wrT—ig)—wr(1-ir)

{ v = 3lwr(r +1)(1 —ig) +wp(r +h)(1 —ip)]

where i}, ig represent the slip rates of the left and right tracks, respectively.

From Equation (7), it is evident that when the left and right track speeds of the robot
are limited, the robot achieves its maximum speed when ig = i; = 0. As the speed of the
drilling and anchoring robot varied from 0 to 30 m/min, the analysis was conducted for
cases where the linear speed during the steering process was set to 0, 5, 15, and 20 m/min.
The relationship between the drive wheel speed and turning radius of the drilling and
anchoring robot is shown in Figure 5 for both scenarios: without considering (i = 0) and
considering (i = 0.3) the track slip factor.



Actuators 2024, 13, 221

7 of 21

— p (¥=20, i=0)—— p (v=10, i=0) —— p (v=5, i=0) —— p (v=0, i=0)
- = 0,(¥=20,i=0)- = o, (v=10,i=0)— = o, (v=5,1i=0)— — o, (v=0,i=0)
100 100
80 |- 80
60 | 60
40 | 40
20 - 20 @
4 =)
©
a 0 (UBIIN
) ~
20 -20 8
-40 |- -40
-60 |- -60
-80 -80
-100 -100
0 100
w, (rad/s)
(a)
— 0 (1-20,i=0.3) —— o (=10,i=0.3) —— o (v-5,1=0.3)—— o (v-0,1=0.3)
= = 0, (v=20, i=i=0. 3)— — @; (v=10, i=i=0.3)— — o, (v=5, i=0. 3)— — @, (v=0, i=0. 3)
100 T . T . — 100
80F T~
60 T
I B(47.77, 45.91) 150
40~ o W
20 - “
=]
(o]
Q0 ~1 LA
Vg . =
-20 | =i S
7/10 -
~ A -50
_60 -
-80 -
-100 : L . L . . P | Bl
0 20 40 60 80 100
w, (rad/s)
(b)

Figure 5. The relationship graph between the robot’s turning radius p, driving speed v, slippage ratio
i, and the speeds of the left track v and right track vg: (a) i =0, (b) i = 0.3.

From Figure 5, it can be observed that considering or not considering the effects of
track skidding and slipping causes significant differences in the control requirements for
the speed of the drilling and anchoring robots. By controlling the speed difference between
the robot’s left and right tracks, the robot can achieve a specified turning radius during
its steering motion, based on the state of track skidding and slipping and the required
driving speed. When the robot’s speed remains constant and completes the same radius
turning motion, the speeds of the tracks on both sides of the robot are much higher when
considering the track’s slipping than when not considering it. For instance, at points A and
B in the graph, where the robot’s speed is 10 m/min and it completes a steering motion with
p = 50, without considering track skidding and slipping (i = 0), the drive-wheel speeds of
the drilling and anchoring robot are A(33.44, 32.13) rad /s, whereas when considering track
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skidding and slipping (i = 0.3), the drive-wheel speeds of the drilling and anchoring robot
are B(47.77,45.91) rad/s.

4. Analysis of the Deviation Correction Control Strategy for the Drilling and
Anchoring Robot

4.1. Analysis of the Steering Space of the Robot

An analysis of the steering motion of the drilling and anchoring robots was conducted
to understand the relationship between the driving motion of the drilling and anchoring
robots and their spatial environment. The principle diagram of the steering motion space
of the drilling and anchoring robots is shown in Figure 6. ICR represents the instantaneous
center of rotation of the steering motion of the robot. Rmax denotes the radius of the largest
arc space occupied by the robot during steering and Ry, represents the radius of the
smallest arc space occupied by the robot during steering. During the steering motion of the
drilling and anchoring robot, the minimum travel space required was the area enclosed by
segments Rmax and Rpin.

‘LZ;A LI ALL
i I
— ] ; QY

Figure 6. Analysis of the steering space drilling and anchoring robot.

The formulas for calculating the minimum and maximum steering radii of the robot

are as follows. 5
_ B By
Rs =55 —3

2
Rm=\/(,ﬂ+’§0+8) +(L/2+ Ly +a)?

(®)

When R; = 0, the minimum relative steering radius required for the drilling and
anchoring robot is
__Bg/2+B/2 1,Bp
Po=—p = E(f +1) )

4.2. Relationship between the Steering Angle of the Robot and the Distance to the Sidewall

Influenced by factors such as the width of the tunnel, equipment, and distance from
the sidewall, the steering capability of the drilling and anchoring robot is closely related not
only to its intrinsic structural parameters and driving parameters, but also to the distance
from the tunnel sidewall. Therefore, when traveling in a tunnel, drilling and anchoring
robots cannot steer freely. Based on an analysis of the structural dimensions of the drilling
and anchoring robot and the tunnel parameters, as shown in Figure 7a, the relationship
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between the steering angle of the robot and its distance from the sidewall coal seam can
be obtained.

Ry = /(L + 2L +20)? + (B + By)*/2

Yr = Ry cos(a —6) (10)
tana = 7“32%;’2“

C(42.5, 2.92)

|
D(30.4, 2.85)
|

B(1.5, 2.19)
| A(0.0, 2.14)

" 1 i 1 n 1] i 1 i |
0 10 20 30 40 50
6 (°)
(b)

Figure 7. Relationship between the maximum steering angle of the robot and the distance to the

sidewall: (a) analysis graph of robot steering capability, (b) robot steering angle 6 vs. sidewall
distance Yg.

Substituting the parameters related to Table 1 into the above equation, the param-
eters determining the structure of the drilling and anchoring robot are « = 42.5° and
Ry = 2.92 m, respectively. When the robot was at a distance Yg = 2.14 m from the right
sidewall, at this point, 8 = 0°, the robot could not turn and could only move forward, as
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indicated by point A in Figure 7b. When considering the robot’s safe distance, at this point
where Yg = 2.19 m, the robot’s steering angle is § = 1.5°, as shown by point B in Figure 7b.
During |YR| > 2.92 m, the robot can turn freely without being limited by obstacles, as
shown by point C in Figure 7b. Assuming that the centerline of the drilling and anchoring
robot coincides with the centerline of the tunnel, with a tunnel width of 5.8 m, the maximum
distance between the robot and the sidewall will be Yg = 2.9 m < =2.92 m, and the robot
will not be able to achieve a 360° pivot turn. Considering a safety distance of Sg = 0.05 m
between the robot and the tunnel wall during travel, the drilling and anchoring robot will
be able to adapt to a tunnel width of 5.7 m, and the maximum steering angle for the drilling
and anchoring robot is § = 30.4°, as indicated by point D in Figure 7b.

4.3. Correction and Steering Control Strategy for the Drilling and Anchoring Robot

To ensure safe and smooth operation of the drilling and anchoring robot in the tunnel,
the structure of the drilling and anchoring robot must not collide with the sidewalls of the
tunnel. For ease of analysis, let A, B, C, and D represent the vertices of the drilling and
anchoring robots, respectively. The coordinates of these four vertices relative to the robot’s
body coordinate system can be obtained using geometric relationships [22-24]. If the coor-
dinates of the robot’s center of mass in the tunnel coordinate system are P = (x,y,z) and the

coordinates of point A in the robot’s coordinate system are P, = (5 + %, -5 %, 6) ,
then the coordinates of point A in the xy-plane coordinate system of the tunnel can be
calculated as follows:

(11)

The coordinates of points B, C, and D on the drilling and anchoring robot can be
obtained in the same manner.

x+(%+%—a)cos€—(%+%)smg
Pp = LiLn_ p\ginpa (BoBo 0

y+(5+ -8 —a)sinf+ (5 + 3) cos
b x+f(%+%—a)c059—(%+%)5in9
c y_(%+%—a)sm9+(§+@)cos9

—(L+ Lot 4 a)sing — (B + B0)cost

oo

2
PD_{ —(%—k%—ka)cosG—}-(g—i—%)Sing

To ensure that the drilling and anchoring robot does not collide with the sidewalls of
the tunnel, it is necessary to restrict the positions of the four vertices of the drilling and
anchoring robot. Let the width of the tunnel be W, the safe distance of the robot from the
left side be S, and the safe distance of the drilling and anchoring robot from the right side
be Sg, as illustrated in Figure 8. Then, the vertical coordinate distances of points A, B, C,
and D from the centerline have the following constraints.

Srmin = min(|yal, [yp|) < % — Sk
) W (12)
Stmin = min(|yg|, [yp|) < 5 — S

Based on the above relationships, the following collision avoidance driving control
strategy can be formulated for drilling and anchoring robots:

1. During |Srmin — Simin| < Sa, the drilling and anchoring robot maintains its current
state and does not require correction. s, represents the permissible error for robot
navigation, which must be set based on the tunnel environment, typically defaulting
to 0.01 m.

2. When |Sgmin — Simin| > Sz and Sgmin < Srmin, the drilling and anchoring robot
deviates towards the right side of the tunnel, requiring leftward correction.
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{ X = xap + Xpo + Ry cos(5
y =yap+ygo + Rysin(F +w(ty —t1) + w(t —t2)) — Rysin(F + w(ty —t7))

3. When |Srmin — Stmin| > Sz and Srmin > Simin, the drilling and anchoring robot
deviates towards the left side of the tunnel, requiring rightward correction.

iy . .
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Figure 8. Relationship between robot steering angle and distances from points A, B, C, and D to
the sidewall.

5. Drilling and Anchoring Robot Path Tracking Control Test Analysis
5.1. Anchoring Robot Deviation Correction Path Planning in a Tunnel Environment

To verify the effectiveness of the deviation correction path planning of the anchoring
robot in a tunnel environment, we formulated the following requirements for steering
and driving.

The steering angle of the robot during turning must be limited within a reasonable
range, 6 < 30.4°.

The starting and ending angles should align with the direction of the tunnel, 6 = 0°.

Based on the above requirements, we devised a smooth path denoted as a-b-o-c-d, as
shown in Figure 9. In this path, segment a-b is a straight line, b-o represents the left-turn
path with a turning radius of Ry, and o-c represents the right-turn path with a turning
radius of Ry. When the CM of the drilling and anchoring robot coincides with the centerline
of the tunnel, the robot travels in a straight line, as illustrated by curves c-d in the diagram.
The entire adjustment curve b—c represents the displacement segment for robot adjustment.
Assuming that the driving speed of the drilling and anchoring robot is v, and the steering
angular velocity is w, the equations for the path curves of the robot during each stage of
travel are as follows:

a-b:
X = vt
{ y=0 , <t
b-o
X = xap + Rycos(—F +w(t—t))
. P , E<t
y =Ry +Rysin(—F +w(t—t))
o-C

i — _— z -
+w(t —t) +w(t—t)) — Rycos(5 +w(ta —t1)) Lt <t <t
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{ X = Xap + Xpo + ¥oc — Ry cos(§ + w(tz —t2)) e
Y =YyaB+yso+yoc —Risin(3 +w(ts—t)) + Ry "~

When the drilling and anchoring robots are traveling in a tunnel environment, with
distances Yr and Y] representing the distances to the right and left sidewalls, respectively,
the steering angle is 6. During R; = Ry, the steering parameters of the robot can be
determined as follows:

Yg =Y € [2.19,2.8]
dy =% — Yz € [0,0.56] (13)

SUNNSSNSSSSSSS

, X L S
0
dy
a
®
YRf
Y 02
DN NN DN

Figure 9. Path planning for robot correction in a tunnel environment.

5.2. Design of the Robot Kinematic Controller

In the tunnel coordinate system, the formula for calculating the pose error of the
drilling and anchoring robots is as follows:

xﬁ’ Xp— X
Go=q v ¢ =4 v~y (14)
ol 6, —0

The formula for transforming the pose error of the drilling and anchoring robot from
the global coordinate system ¢ to the local coordinate system ¢, is as follows.

cosf —sinf O Xr— X
Ze=R7YO)! = |sind cos® 0|< y,—y (15)
0 0 1 6, — 6

The differential equation for the pose error of the center of mass of the drilling and
anchoring robot is

—wy, — wd + vy sinf, — wyd cos B, (16)

Xe wYe — v + vy cos b, — wydsin b,
w; —w
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Due to the elongated nature of the coal mine’s tunneling roadway, this paper designs
a PID controller using the difference in the y-direction (ey) between the drilling and bolting
robot and the roadway centerline. The PID controller is as follows:

d
u, = Kyyo + K; / Vedt + Kd% (17)

The control inputs are the linear velocity v and angular velocity w. To relate uy to
these inputs, we need to find a control law for v and w that minimizes y,. One approach is
to assume that v is constant and adjust w to minimize ye,.

Choose a Lyapunov function:

V= %yg >0 (18)
Compute the time derivative of the Lyapunov function:
V = vy, (19)
Substitute y, into the equation:
Y, = —wYy, — wd + v, sinfe — w;d cos be (20)
Considering the PID controller input,

d
w = Kyole + Kic / Vedt + de% 1)

Assuming the linear velocity v is constant and equal to v;, the error dynamics simplifies to
Y, = —wye — wd + vsinfe — wyd cos b (22)

Approximate for small errors:

. d
Ye = _(pr]/e + Kiw/yedt + de%)]/e (23)

Calculate the time derivative of the Lyapunov function:

. d
V= _pryg + Kiw]/e/]/edt + de]/e% (24)

Since Kpw, K, and Ky, are positive constants,
V < —Kpoy? <0 (25)

Through the analysis of the Lyapunov function V = 13?2 and its time derivative,
it is proven that when Ky, Kj,, and Kj,, are appropriately chosen, the derivative of

the Lyapunov function Vis always negative or zero. This indicates that the system is
stable, meaning that the Y-direction error y, gradually decreases over time and eventually
approaches zero. This proves the stability of the PID controller in controlling the Y-direction
error of the drilling and anchoring robot.

In this study, a control system model of the robot is constructed in MATLAB/Simulink,
and a PID kinematic control model is designed, as shown in Figure 10.
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Figure 10. The robot path tracking PID kinematic controller.

5.3. Construction of the Robot Path Tracking Control System

Utilizing the kinematic control system of the drilling and anchoring robot, a simulation
model of the robot path-tracking control system was built to validate the feasibility of the
method. Two scenarios were considered in the path-planning d, = {0.1,0.5} m. The
straight-line distance traveled on the driving curve was 1 m, and the turning radius was
R = {0.57,6.6} m. In the kinematic model, the maximum driving speed of the robot was
v = 30 m/min, and the rotation speeds of the left and right wheels of the drilling and
anchoring robot were restricted to [-1.64, 1.64] rad/s. The block diagram of the drilling
and anchoring robot is shown in Figure 11 and the simulink model of the robot path
tracking control system is shown in Figure 12.

Desired

position ngQ | Position
. N "| Controller

@y

- Motor L

Inverse kinematic
transformation

Angle “r

Controller

> Motor R

P

Figure 11. Block diagram of the robot control system.
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Figure 12. Simulink simulation model of the robot path tracking control system.

5.4. Analysis of Path Tracking Control Errors

From the simulation results shown in Figure 13, the condition of the robot being 0.1 m
away from the center line of the roadway was first set. By simulation, the PID parameters
were adjusted and set to {50, 10, 1} and {10, 1, 0.1}, with a simulation time of 60 s. The
simulation results show that under these two PID parameter settings, the drilling and
anchoring robots can accurately track the planned trajectory. It can also be found that when
the PID controller parameters are smaller, such as {10, 1, 0.1}, the tracking accuracy of the
robot is higher.

8.0X107°

x_error PID(50, 10, 1)
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- TETIREERTEANS :
0.00 BRI R T , —--= x_error PID(10,1,0.1)
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~0.04 F roadway center line E ;I‘\ X
= path planning 5 2.0X107° | : P 3
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Figure 13. Robot path tracking control simulation under different PID parameters: (a) path tracking
simulation under different PID parameters; (b) x-y path tracking error under different PID parameters.

To verify the path tracking control performance of the drilling and anchoring robot in
the roadway space, the robot was set at distances of 0.1 m and 0.5 m from the center line
of the roadway. After multiple simulation tests, the PID controller parameters were set to
{0.1,0.01, 0}. Additionally, since the deviation between the robot and the center line of the
roadway became very small after 30 s of simulation, the simulation time was set to 30 s
in this study. From the simulation results shown in Figure 14, the tracking errors in the
x-direction from the tunnel centerline were less than 0.005 m, and those in the y-direction
were less than 0.001 m, satisfying the precise control requirements of the robot in the tunnel
environment. This indicated that the motion controller design was reasonable.
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Figure 14. Path tracking control simulation of the robot PID {0.1, 0.01, 0}: (a) path tracking simulation
(dy = 0.1), (b) x-y path tracking error (dy = 0.1), (c) path tracking simulation ((dy = 0.5), (d) x-y path
tracking error ((dy = 0.5).

At the same time, it can be observed that the drilling and anchoring robot can only
reach the centerline of the tunnel at distances of 1.46 m and 4.57 m, respectively. This
suggests that in a constrained tunnel environment, the robot requires a longer distance to
travel to the centerline when it is closer to the sidewall. Therefore, in tunnel environments,
it is preferable for the robot to be closer to the centerline of the tunnel to ensure a safe and
smooth operation.

6. Testing and Analysis of Lane Deviation Control in Tunnel Environments

An experimental platform was set up to verify the lane deviation performance of
the drilling and anchoring robot, as shown in Figure 15. The left and right sidewalls are
movable components that can be adjusted according to the experimental requirements
to control their distance from the drilling and anchoring robots. In this experiment, the
path shown in Figure 9 was followed. The width of the experimental site was adjusted
to W =5.8 m, with the robot’s distance from the centerline of the lane set to dy = 0.5 m
and Sg = 0.05 m. Lane deviation performance tests were conducted on the drilling and
anchoring robot both with and without considering skidding and slipping.

The performance of the drilling and anchoring robot’s steering control was tested by
considering the skidding and slipping of the robot tracks (i = 0 and i = 0.22). The speed of
the robot’s driving wheel is limited to [—1.64, 1.64] rad/s. The drive curves of the left and
right track motors of the drilling and anchoring robots are shown in Figure 16a. As can
be seen from Figure 16a, when skidding and slipping are not considered (i = 0), it takes
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13.9 s for the robot to move to the center position of the roadway, while when skidding
and slipping are considered (i = 0.22), it takes 64.4 s for the robot to move to the center
position of the roadway. The change trend of the result is consistent with the analysis
results of Equation (7) and Figure 5, indicating that the theoretical analysis is correct. The
displacement curves of the drilling and anchoring robots are shown in Figure 16b. When
considering track skidding and slipping, the speed difference between the two sides of
the drilling and anchoring robot tracks was significant. At the same time, the real-time
tracking error in the y direction from the centerline of the tunnel was relatively large, with
a maximum error of 0.13 m. However, the drilling and anchoring robot still successfully
moved from a position 0.5 m away from the centerline of the tunnel to the centerline, with
an error of 0.003 m, achieving steering correction, as shown in Figure 16¢c. During the
steering correction process, the speed of the drilling and anchoring robot is not the main
target; rather, it determines whether the drilling and anchoring robot can move to the
centerline of the tunnel. Therefore, the drilling and anchoring robot can achieve steering
correction control in a tunnel environment, meeting the requirements for safe and smooth
operation of the drilling and anchoring robot.

To calculate the distances between the four corner points (A, B, C, D) of the drilling
anchor robot and the sidewalls, ultrasonic sensors have been installed on the robot. The
location of the right-side ultrasonic sensor is shown in Figure 17, and the left-side sensor
is installed in a symmetric position on the robot’s body. The conversion relationship
between the distances from the four corner points to the sidewalls, and the ultrasonic
sensor measurement values, are expressed by the following equation.

Sp = USgycosf — ULgp sinf
SB = USRZ cos 0 + ULRZ sin 6
Sc = USj1cosB + Lyqsinf

Sp = US;pcos6 — UL, sinf

(26)

where Lr; represents the distance from the right front ultrasonic sensor to the front end, Lg,
represents the distance from the right rear ultrasonic sensor to the rear end, L ; represents
the distance from the left front ultrasonic sensor to the front end, and Ly, represents the
distance from the left rear ultrasonic sensor to the rear end. USg1, USg>, US;1, and USy,
represent the measurement values of the right front, right rear, left front, and left rear
ultrasonic sensors, respectively. Sa, Sg, Sc, and Sp represent the distances between points
A, B, C, D and the side skirts, respectively, and 8 represents the yaw angle.

Drilling and
anchoring robot

Right sidewall Left sidewall

Figure 15. Drilling and anchoring robot test platform.
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Figure 16. Curve plot of robot steering correction control: (a) drive wheel speed curve, (b) displace-
ment curve, (c) real-time error y-direction.
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Figure 17. Schematic diagram of the installation position of the ultrasonic sensors (1 ultrasonic sensor
USR1, 2 ultrasonic sensor USg>).

Based on the displacement monitoring of four corner points A, B, C, and D of the
drilling and anchoring robot, as shown in Figure 8, the displacement curves of these four
points are shown in Figure 18. From the figure, it can be observed that throughout the
entire travel process, the drilling and anchoring robot maintains a minimum distance of
0.05 m from both sides of the roadway, with the nearest point being D1(23.7, 0.05) m. This
distance exactly meets the requirement of the safety warning line, Sg = 0.05 m, thereby
ensuring safe travel and smooth control of the drilling and anchoring robot.

ar ; . . .
oL /Left side wall:2.9m gk —a— A\ - right side
----------------------------------- —e— B - left side
5F L2 C - left side
ok —v— [ - right side
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-10 0 10 20 30 40 50 60 70 B8O 90 100 110 0 20 40 60 80 100
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Figure 18. Curves of the displacement variation of the four corner points of the drilling and anchoring
robot. (a) A, B, C, and D real-time displacement curves; (b) curves of the distance variation between
points A, B, C, D and the sidewall.

7. Conclusions

In this paper, we investigated the slippage characteristics of a tracked drilling and
anchoring robot during the steering process and proposed a steering control strategy that
accounts for track slippage. A path tracking controller was designed, and its stability was
verified through simulations and experiments. The general conclusions are as follows:
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1.  Steering Angle and Distance Relationship: The relationship between the steering angle
of the drilling and anchoring robot and the distance to the sidewall in the roadway
environment was determined. Based on this relationship, a corrective driving control
strategy was formulated to enhance maneuverability and precision.

2. Path Planning and PID Controller: Path planning for the corrective driving of the
drilling and anchoring robot in the roadway environment was completed. A PID kine-
matic controller was built, and path-tracking control simulation experiments demon-
strated that the tracking error was minimal, indicating a well-designed control system.

3.  Testing and Verification: A test platform for the corrective driving of the drilling and
anchoring robot was established in a roadway environment. The performance of the
corrective driving control was thoroughly tested, and the reliability of the proposed
method was verified.

The results of this study provide a theoretical basis and technical support for the intel-
ligent control of a tracked drilling and anchoring robot in tunnel environments, showcasing
significant theoretical and engineering implications. Future research can focus on optimiz-
ing the control strategy to enhance performance under varying environmental conditions,
as well as on real-world implementation and testing in diverse tunnel environments to
validate the robustness and scalability of the proposed control strategy.
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