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SIMULATION ANALYSIS OF AUTOMATIC CUTTING
CONTROL FOR ROADHEADERS

Haoran ZHANG!, Yonggang LIU?, Bo CHEN"*, Jiyue YANG!, Yahang WU!,
Lei QIN?®, Longjie LI*

In order to achieve the tracking control of the motion trajectory of the cutting
head under the vibration interference and improve the cutting efficiency of the
roadheader, the kinetic model of the cutting mechanism of the roadheader is
established in this paper, and the kinetic equation of the cutting mechanism is
established. The reverse kinematics of the cutting mechanism is simulated with
MATLAB software, and the motion trajectory equation of the cutting head is
determined; Based on the above analysis, the dynamic model of the cutting
mechanism is established and the dynamics of the cutting mechanism is analyzed. By
introducing the vibration function of the cutting head, the relationship between the
vibration function of the cutting head and the external load of the hydraulic cylinder
is determined. The motion trajectory tracking control method of the cutting head
under vibration interference is proposed. The simulation model of the motion
trajectory control system of the cutting head is established by MATLAB/Simulink
module. The motion trajectory of the cutting head under vibration interference and
the displacement of the piston rod of the hydraulic cylinder are tracked and
controlled. The results show that the motion trajectory tracking control method of
the cutting head under vibration interference is correct.

Keywords: Cantilever tunnel boring machine, MATLAB, Kinematic simulation,

Dynamic analysis, Control of the movement trajectory of the cutting
head

1. Introduction

Under the background of safe coal mining and efficient production, tunnel
boring machines are developing towards automation and intelligence. The
research on the automatic cutting control technology of tunnel boring machines is
precisely the key to promoting the rapid development of intelligent tunnel boring
machines. Zeki[1] designed symmetrical disc-shaped cutting tools, which reduced
the lateral load caused by lateral forces and improved the steering force and
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balance of the tool disc. Xie[2] monitored the operating status of the tunnel boring
machine by integrating multi-sensor information and controlled the automatic
cutting operation of the cutting head by constructing an automatic cutting PID
control system for the tunnel boring machine, which improved the cutting
efficiency. Peng et al. [3] established a virtual prototype of the cutting section of a
tunnel boring machine using ADAMS software and a hydraulic system of the
cutting section of the tunnel boring machine using Amesim software. On this
basis, a joint simulation model of the machine and hydraulic system of the cutting
section of the tunnel boring machine was established. By planning the automatic
cutting process path of the tunnel section, the precise tracking and control of the
movement trajectory of the cutting head was achieved. Zhang[4] et al. solved the
problem of obtaining the load of the cutting teeth on the surface of coal and rock
by means of discretized digital coal and rock mass construction and chain digital
mapping entity construction. They achieved performance simulation of the cutting
section and led the experimental calibration with virtual experiments, reducing the
cost and safety risks of the experiments. They also optimized the low-stress
cutting through the DDPG algorithm. Zhang[5] et al. proposed an improved
NSGA-II algorithm. By constructing a kinematic model and a dual-objective
optimization function, the computational speed was enhanced and the trajectory
deviation of the cut was reduced. Liu[6] aimed at the problem of significant power
loss caused by constant-speed coal and rock cutting by roadheaders, designed a
variable frequency drive control system for the cutting head, which achieved
automatic control of the cutting head's rotational speed and torque, providing
guidance for the intelligent cutting of roadheaders. Liang[7] et al. simulated the
cutting heads under different working conditions through ABAQUS, established
Drucker-Prager as the coal body constitutive model to simulate the coal cutting
process, verified the consistency between the simulation and the experiment, and
obtained the cutting force laws and torque waveforms under different working
conditions through MATLAB It provides technical support for stable control and
efficiency improvement of cutting. Ma[8] et al. proposed a cutting head
positioning system that combines the cutting head motion model with ultra-
wideband positioning technology, verified its anti-interference ability and
positioning accuracy, and obtained the main factors affecting the positioning
accuracy through field simulation experiments, achieving the accuracy
optimization of the positioning system.

In summary, most existing cutting head trajectory control systems ignore
load interference and rarely consider the impact of the vibration characteristics of
the tunneling machine on the tracking control of cutting head motion trajectory.
Therefore, this article will establish a mathematical relationship between the load
of the cutting head, the external load force of the hydraulic cylinder, and the
vibration function of the cutting head, propose a tracking control method for the
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cutting head motion trajectory, and simulate the tracking control of the cutting
head motion trajectory and the displacement of the hydraulic cylinder piston rod
under vibration interference by constructing a simulation model of the cutting
head motion trajectory control system.

2. Reverse kinematics of the cutting mechanism of the roadheader

The kinematic equation of the cutting mechanism establishes the
relationship between the pose of the cutting head and the joint variables or the
stroke of the hydraulic cylinder. Given the pose of the cutting head, each joint
variable and the stroke of the hydraulic cylinder can be calculated through the
inverse kinematic equation[9].

The inverse kinematic solution of the cutting mechanism is the basis of
trajectory planning and motion control of the cutting head, which is more
consistent with the actual application of the project[10]. Through the simulation
analysis of the kinematic model of the cutting mechanism, the relationship
between the lifting hydraulic cylinder stroke /i, the rotary hydraulic cylinder
stroke /> and the horizontal and vertical coordinates (y, z) of the cutting head is
determined, so as to determine the position of the cutting head. The simulation
parameters of the back solution of the cutting mechanism of the roadheader are
shown in Table 1[11, 12].

Table 1
Simulation parameters for inverse kinematics of cutting mechanism
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1) Establish a kinematic model between the spatial position coordinates of
the cutting head and the joint variables of the lifting cutting mechanism.
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Fig. 1. Vertical swing cutting diagram of cutting mechanism
In Fig. 1, O:1 and O; are the horizontal rotation center of the rotary table
and the vertical swing center of the cutting arm, respectively. Oz and O'; are the
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projections of the cutting head center in the vertical plane when the cutting arm is
in the horizontal position and the vertical swing angle is 8; H is the height of the
tunnel, 4 and B are the hinge points between the lifting hydraulic cylinder and the
turntable, and between the lifting hydraulic cylinder and the cutting arm,
respectively. Set the length of the cutting arm O.0s=L,, the initial length of the
hydraulic cylinder AB=Lo, 02A=Li, O»B=L>, £ 0:0:4=¢po, £ O030,B=6y, and
obtain the coordinates (x2, z) when the cutting head is swinging upward:

2 2_ 2
XZI(Lx‘i‘Al)COS{COS_I(LI th ~(otl) j—% +90}

2L, M
L4 L (L, +1)
z=(L,+Al)sin{cos™| +—2 02 1-¢,+6,
' 2L L,
2 2 2
6 =cos’ L+, —(Ly+h) — ¢, +6, ()
211,

From equations (1) and (2), it can be seen that /; is an unknown variable,
and the spatial motion coordinates (x2, z) of the cutting head only change with the
variation of /;. Therefore, in the actual process of cutting coal and rock by the
tunneling machine, the vertical swing of the cutting head can be controlled by
controlling the stroke /i of the lifting hydraulic cylinder; When the cutting head
swings downwards, /1 needs to be changed to -/1 and € needs to be changed to -6,
but the upper and lower 1imit swing angles of the cutting arm are not equal.
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(a) The relationship between the cutting head (b) The relationship between the vertical
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Fig. 2. Vertical oscillation cutting simulation of cutting mechanism
It can be seen from Fig. 2(a), the position coordinate x; of the cutting head
decreases parabolic from 3747 mm to 2693.5 mm with the increase of /;, and the
coordinate z rises linearly from 0 mm to 2604.9 mm with the increase of /. As can
be seen from Fig. 2(b), the vertical swing Angle 0 increases basically in a straight
line with the increase of /i, and the maximum vertical swing Angle Onax=44° ,
which is basically consistent with the maximum swing Angle during the actual



Simulation analysis of automatic cutting control for roadheaders 37

cutting process of the tunnel boring machine.
2) Establish a kinematic model between the spatial position coordinates of
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Fig. 3. Schematic diagram of horizontal swing cutting of cutting mechanism

In Fig. 3, a represents the horizontal swing Angle of the rotary cutting
mechanism, O'3 is the projection of the cutting head center in the horizontal plane
when the cutting mechanism swings o to the left, B is the width of the roadway, e
is the distance from the center of the turntable to the center of the cutting arm, and
R is the radius of the rotary table. 2060105=2070104s=61, 0104=010s5=n,
0407=0506=L3, Os50'c=L3+l, 040'7=L3-I», Obtain the coordinates (xi, 1)
when the cutting head swings horizontally to the left:

X = [(e +(L, +Al)cos 6’]005 a
_ — i ,
:{(6+(LX +Al)cos cos'{L1 +L22L ELO +h) -, +6, }cosa 3)
172
v = [(e+ (L, +Al)cos H]Sin a
[ 2 2 2 i
- {(e+(Lx +Al)cos cos{L‘ +L§L_L(L° +h) -, +6, }sina
12
2 2 2
azcos'l{n +R>—(Ly+1,) }—91

From Equations (3) and (4), it can be known that /; and /> are unknown
quantities, and (x1, y1) change with the variations of /1 and /. Therefore, when the
cutting height remains constant, the horizontal swing of the cutting mechanism
can be controlled by regulating the extension and retraction amount /> of the
rotary hydraulic cylinder. When the cutting mechanism swings in the opposite
direction, it is only necessary to change /1 to -/i, [ to -/, and a to -a in the
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expression.
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(a) The relationship between the cutting head (b) The relationship between the horizontal
position and /» swing Angle and /»

Fig. 4. Simulation of horizontal oscillating cutting of cutting mechanism

It can be seen from Fig. 4(a) that the position coordinate x1 of the cutting
head decreases in a parabolic pattern from 4447 mm to 2829.1 mm with the
increase of /2, while the coordinate yi rises in a straight line from 0 mm to 1874
mm. As can be seen from Fig. 4(b), the horizontal swing Angle a increases
linearly with the increase of />, and the maximum swing Angle is 33.5° , which is
basically consistent with the maximum swing Angle during the actual cutting
process of the tunnel boring machine.

By conducting a comprehensive analysis of equations (1) to (4), the matrix
expression of the spatial position (xi1, yi, z) of the cutting head and the swing
Angle of the cutting mechanism joint can be obtained:

X, ecosa| [(L,+Al)cosBcosa [e +(L, +Al)cos 9]cos a
v |=| esina |+| (L, +Al)cosOsina |=| [e+(L, +Al)cosO]sina | (5)
z 0 (L, +Al)sin@ (L, +Al)sin@

According to Fig. 5(a), the minimum value of the cutting head coordinate
x1 is 2829.1mm, and the maximum value is 4447mm, and x; decreases
parabolically with the increase of /1 and /»; From Fig. 5(b), it can be seen that the
minimum value of the cutting head coordinate y1 is 0 and the maximum value is
1874mm, and y1 increases linearly with the increase of /1 and /»; From Fig. 5(c), it
can be seen that the minimum value of the cutting head coordinate z is Omm and
the maximum value is 2604.9mm, and z increases linearly with the increase of /
and /»; From Fig. 5(d), it can be seen that the trajectory of the cutting head follows
a spatial parabolic motion pattern. When x1 is at its maximum, y; and z are at their
minimum, while when xi is at its minimum, y; and z reach their maximum values.



Simulation analysis of automatic cutting control for roadheaders 39

LT T
U RS B | (400, 400, 1874)
450077 I e N 2000+~~~ i
} I - ! | 1 ~L | 3 ¥ - -
i o= | ; ~= T~ | [N | ~ o h
4000--="" I PR T 1500+~ P
| _- i ~o =
~ | [ ! | 1 N ] M = = J %
E | ! ‘ Ceaonlt 400 T30ty | £ : (N
£3500---""1 (o, 0} 44477 ‘540QL4P012829\}Q\ | £ 10004 - 1 -
N It e S A U D st !
- - ~ 1 I -
30004--""" 1 b el \i\ i 5004 N -
[ | AT e T~ RS g S
[ e - P ] | L ~ e i
2500~~~ I e A il s e J
a0 el "l b B, B T L
300 T -7l /;)/3(;0 400 300 ST 2><] e 400
2 T = 9 gz o e
”UU\;\ e 200 FprY e S 200
oy 100 1o | w100 S - 100 L
0 0 k 0 0

(a) The relationship curve between coordinate x; (b) The relationship curve between coordinate y,

=T “~ - - -

and 11,12 and l], lz
,."Jr\\
- 17 : \\r‘
- PR [
- 3000, -~~~ - Lo -~
3000~ (28291, A874; 26049071 Tl T
2500 2500~ T e T e e TN
_ T T | 1 [
2000 .-~ 20001---- 4T teo 1 e
g £ T ~L I
£ 1500+ £ 1500{--" - IS RN
5 ) _,:,-—" | | ~ [
1000+- 10004---"" - Al e )
e - <1 i a
500 500 - - Lo
1
1

> . pEh

Ode="7 e T R 0~~~ - S
400 T oo e TsesTT Ty 2000 o7 el AT 0, 00N\
] =< ISO(N&,/“\‘\ bty S 4500

e 4000

1000 S-S
Ty 500 3000 35{0\?‘“(“
0 2500
(c) The relationship curve between coordinate z (d) The movement trajectory curve of the cutting
and /1, I head

Fig. 5. Simulation diagram of the spatial position coordinates of cutting head

By transforming the above formula, the kinematic relationship between the
expected coordinates (y1, z) of the cutting head and the displacements /i of the
lifting hydraulic cylinder and /> of the rotating hydraulic cylinder is obtained,
thereby determining the motion trajectory equation of the cutting head:

The motion trajectory equation of the cutting head is determined:

L =L+ L, —2L L, cos(F(z, Al)+¢,—6,)~L,

(6)

[ :\/n2 +R?—2nRcos(6, + F(y,,z,Al)) - L,

In addition, the influence of the roadheader's vibration on the trajectory
tracking control of the cutting head should be considered. Subsequently, by
controlling the displacement of the lifting and slewing hydraulic cylinders
according to Equation (6), the vertical and horizontal oscillation of the cutting
head can be regulated, thereby achieving the tracking control of the cutting head's
motion trajectory.
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3. Control of the movement trajectory of the cutting head of the
roadheader

3.1 Dynamic analysis of the cutting mechanism

1) Dynamic analysis of the rotary cutting mechanism

As shown in Fig. 6, during the horizontal swinging process of the
roadheader to cut coal and rock, the main load of the rotary cutting mechanism
comes from the cutting resistance Fx of the coal and rock on the cutting head.

Ls

Lyl Os
Fia -
—————— 0_'\‘\\ \ P g
C\NT -
\ F2 7
Os1 \ 7
| \ -
| \
I "/ \
| No, 0,
[ N > L R
: \ e
| 6 ’al\\
Os) Ly N
(
—————— o N,
0, (o] Fy
Ly+l,

Fig. 6. Schematic diagram of force analysis of rotary cutting mechanism

Based on the analysis of the kinematics of the rotary cutting mechanism,

the dynamic equation of the rotary cutting mechanism is established[13]:
) ) .

1 d ?{ _ nRsin(a +6,) F~M, ~F(Lcosf+e)+ nRsin(a —0)) F, ()
dt L, +1, L, -1,

In the formula: J; represents the moment of inertia of the back-cutting
mechanism, kg.m?; My represents the rotational friction torque, in N.m; F\ is the
cutting resistance of the cutting head, N; F71 and F2 are respectively the external
load forces of the left and right rotary hydraulic cylinders, in N.m.

The rotary cutting mechanism operates slowly, and its frictional torque
and inertial torque can be ignored[14]. The dynamic equation is simplified as:

R Rin(o—

F(LcosO+e) = n s1n(oc-|r¢9l)FL1 n sin(a —6,) F, @®)

L+, L -1,

External loads on the piston rods of the left and right rotary hydraulic
cylinders:

T T
Fy, =ZDjpl _Z(Dj _dj)pz

. . ©)
F, :Z(Dj _daz)pl _ZDjpz



Simulation analysis of automatic cutting control for roadheaders 41

In the formula: D, is the internal diameter of the cylinder body, m; d, is
the diameter of the piston rod, m; p1 is the inlet chamber pressure, MPa; p> is the
pressure in the return oil chamber, MPa.

According to Equation (9), select d,=0.6d, to obtain the ratio of the system
oil to the external load of the piston rods of the left and right rotating hydraulic
cylinders, that is, F11:F12=1:0.64. According to Equation (8), by substituting the
relevant parameters such as the cutting resistance F; of the cutting head under the
horizontal cutting condition, the mathematical relationship between the external
load force (Fi~ Fi2) of the hydraulic cylinder and the cutting resistance Fx can be
determined.

2) Dynamic analysis of the lifting and cutting mechanism

Fig. 7. Schematic diagram of force analysis of lifting/and cutting mechanism

As shown in Fig. 7, during the vertical swinging process of the roadheader
to cut coal and rock, the main load of the lifting and lowering cutting mechanism
comes from the radial resistance F) of the coal and rock on the cutting head and
the weight G of the cantilever itself.

Based on the analysis of the kinematics of the lifting cutting mechanism,
the dynamic equation of the lifting cutting mechanism is established[15,16]:

d’0 _ 5 LiL, sin(4, +0)
dar’ L, +1,

Similarly, ignoring the frictional torque and inertial torque of the lifting
and cutting mechanism, the dynamic equation is simplified as[16]:

L.F, :2Lle Sin(g, + ) F,,-GH,cos0 (11)
(L, +1)

In the formula: J> represents the moment of inertia of the lifting and
cutting mechanism, kg.m?. G is the gravitational force of the cutting arm, N; Ho is
the distance from the vertical swing center O of the cutting arm to the center of

J, F,,—GH,cos60—-LF,-M,, (10)
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gravity of the cutting arm, m; F) is the radial resistance of the cutting head, N; Fi3
represents the external load force of the lifting hydraulic cylinder, N; Mp
represents the lifting friction torque, in N.m.

According to Equation (11), by substituting relevant parameters such as
the radial resistance F) of the cutting head under the vertical cutting condition, the
mathematical relationship between the external load force F13 of the hydraulic
cylinder and the radial resistance F) of the cutting head can be determined.

3.2 Control method for the movement trajectory of the cutting head

Based on the analysis of the inverse kinematics and dynamics of the
cutting mechanism, a cutting head motion trajectory tracking control method is
proposed, as shown in Fig. 8.
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External
b ‘ load force

Displacement sensor [«

Fig. 8. Cutting head trajectory tracking control method

In Fig. 8, /o represents the target displacement of the hydraulic cylinder, in
mm; e 1s the input voltage of the proportional amplifier, V; i is the output current
of the proportional amplifier, A; g1 represents the load flow rate, m?/s.

According to the research results at home and abroad, the vibration mode
of the cutting head is multi-degree-of-freedom periodic forced vibration;
Therefore, it can be assumed that the vibration mode of the cutting head is a sine
wave. According to the cutting conditions of the tunnel boring machine, the
vibration functions fu(f)=Asinwt and f,(f)=Bsinwt of the cutting head are
constructed respectively in the horizontal and vertical directions. In addition, the
load on the cutting head, as an external excitation, to a certain extent determines
the vibration degree of the cutting head. Therefore, the mathematical relationship
between the cutting resistance Fy, the radial resistance F), and the vibration
function of the cutting head can be established, this paper will not elaborate
further.

The input and output impedances of a proportional amplifier differ
significantly. The transfer function after the proportional link is regarded as[16]:

L&) _ K, (12)
E\(s)
In the formula, I(s), Ei1(s), and K, represent the output current (in A), input
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voltage (in V), and gain of the proportional amplifier, respectively.

The electro-hydraulic proportional directional control valve link can be
approximately regarded as a second-order control link in practical engineering
applications[16,17], and its transfer function is:

o) _ K,
1(s) i+2—§vs+l (13)

2
v v

In the formula, K;, W,, and J, represent the flow gain (in m?/s.A), phase
bandwidth (in rad/s), and damping ratio (ranging from 0.5 to 0.7) of the electro-
hydraulic proportional directional valve, respectively.

The hydraulic cylinder studied in this paper is an asymmetric hydraulic
cylinder controlled by an electro-hydraulic proportional directional control valve.
By performing Laplace transformation on the flow equation of the valve, the flow
equation of the hydraulic cylinder, and the load force balance equation, the
transfer function of this link is determined[16]:

L 1/ 4,
2

O R it
b b

In the formula, 45, W, and J» represent the rodless cavity area (in m?),
natural frequency (rad/s), and damping ratio (ranging from 0.1 to 0.2) of the
hydraulic cylinder, respectively.

Since the bandwidth of the position detector is higher than that of the
system, it can be approximately regarded as a proportional link, and its transfer
function is[16,18]:

Y& g W (15)
L(s)

In the formula: K, represents the gain of the position detection sensor.

Based on the motion trajectory tracking control method of the cutting
head, the transfer functions of each link in the control system without load are
determined by equations (12) to (15), and the input of the load link is determined
according to the mathematical relationship between the vibration function of the
cutting head and the external load force of the hydraulic cylinder. Thus, the
transfer function model of the tunnel boring machine control system is
established, as shown in Fig. 9. When conducting vertical swing cutting or
horizontal swing cutting simulations of the cutting head, it is only necessary to
substitute the corresponding simulation parameters into the transfer function
model of the control system.
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Fig. 9. Transfer function model of boom-type roadheader control system

In Fig. 9, Lo(s), Ei(s), I(s), Qi(s), and L(s) are respectively the
expressions when calculating the transfer functions /o, e1, i, qi, and /(/;+ D) as

shown in Fig. 8.
Then the open-loop transfer function of this control system is[16,19]:

2
LKK 4] S+ |-k Vs g
I/I/b VVb Ah 2ﬂ6(1+n )
L(s)= 2 K, (16)
sT 20,
S 724' s+1
w)ow,

When the roadheader is not under load, that is, when the roadheader does
not cut through the coal or rock, the open-loop amplification factor of the control
system is approximately[16]:

K =K KK, /4, (17)

3.3 Simulation of the motion trajectory control system for the cutting
head

Taking the EBZ200 roadheader as an example, some parameters of the
roadheader were determined[16,20], as shown in Table 2.

Table 2
Part parameters of EBZ200 roadheader
Numerical Numerical
Parameter name Parameter name
value value
Inner diameter of the rotary . s .
. 160mm | Inner diameter of the lifting cylinder | 180mm
cylinder
Outer d1amet§r of the rotary 194mm |Outer diameter of the lifting cylinder| 219mm
cylinder
Range of thzlrllogll:ontal SWINE | 30320 Vertical swing Angle range -31°~42°
Rod diameter 0 f the rotary oil 100mm Rod diameter of lifting cylinder 110mm
cylinder
Rotary table quality 2250Kg Cutting arm quality 9363Kg
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Rotary cylinder stroke 870mm Lift cylinder stroke 620mm
Expansion and contraction of
cutting head
Mass of a single rotary hydraulic

650mm Cut off arm length 3747mm

Quality of a single lifting hydraulic

cylinder 219Kg cylinder 234Ke
Total volume of two chambers of 8L Total volume of the two chambers of 2L
rotary hydraulic cylinder the lifting hydraulic cylinder

Based on the transfer function model of the tunnel boring machine control
system, the simulation parameters of the cutting head motion trajectory control
system under different cutting conditions were calculated using the parameter
values in Table 2, as shown in Table 3.

Table 3
Simulation parameters of the cutting head trajectory control system
The cutting head K,=0.031 K=2.5x103m%s.A |  6,=0.7 | W,=157.1rad/s
moves horizontally| A4,=2.01x102 m? 05=0.2 Wy=33rad/s | K,=7.36V/m
The cutting head K,=0.031 K=2.48x103m*s.A| 6,=0.7 | W,=157.1rad/s
moves vertically | 4,=2.54x102m? 05=0.2 Wy=42rad/s | K,=11.77V/m

Based on the transfer function model of the tunnel boring machine control
system, the simulation models of the control system for the horizontal and vertical
movement directions of the cutting head were established in the Simulink module,
as shown in Fig. 10. To ensure the safety of tunnel construction, the cutting head
of the tunnel boring machine is not allowed to extend during the cross-sectional
cutting process. Therefore, when simulating the control system, the extension and
retraction amount A/ of the cutting head is set to 0.

Lt .@ .
Derivative1 I
} . R
.{ 1/201e -2 ’

25¢-3 (1/332)8% + (2% 0.2/33)s+ 1
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Discrete PID Controllert Praportional direction value
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of lifting cylinder Discrete PID Controller2 Proportional direction value1 /42702 + (2% 02/42)s+ 1

B Lifting hydraulic
FL3 p B + cylinder
- I Scope2
Derivative2
I N

Displacement sensor1

Fig. 10. Cutting head trajectory control system simulation model

Given the parameter equation of the cutting head spatial motion trajectory,
based on the simulation model of the cutting head motion trajectory control
system, the cutting head trajectory is tracked and controlled through simulation.

{yl =0.003-¢

. (18)
z=1.404+0.3sin(0.037 1)
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Input the established motion trajectory equation of the cutting head into
the MATLAB/Function module to generate the target displacements of the rotary
and lifting hydraulic cylinders, and set the system simulation time to 60 seconds.

As shown in Fig. 11, the displacement of the piston rod of the lifting
hydraulic cylinder reaches its maximum value at 16.67 s, which is 66.25 mm. The
minimum value was achieved at the 50 s, which was -64.82 mm. Affected by the
vibration characteristics of the cutting head, the simulation displacement curve of
the piston rod of the lifting hydraulic cylinder fluctuates throughout the entire
process, but it is basically consistent with the target displacement curve.

80 40— Target displacement

Target displacement as| ——Simulated displacement

——Simulated displacement
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Fig 12. Displacement curve of rotary
hydraulic cylinder

As shown in Fig. 12, within 0 to 60 s, the piston rod of the rotary hydraulic
cylinder extended by 37.78 mm. Affected by the vibration characteristics of the
cutting head, the simulation displacement curve of the piston rod of the rotary
hydraulic cylinder fluctuates throughout the entire process, but it is basically
consistent with the target displacement curve.

Fig 11. Lift hydraulic cylinder displacement curve
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Fig. 13. Cutting head motion trajectory tracking control curve

As shown in Fig. 13, the trajectory tracking error when the cutting head
moves vertically is controlled within 5.2 mm, and the trajectory tracking error
when the cutting head moves horizontally is controlled within 4.3 mm. Affected
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by the vibration characteristics of the cutting head, the simulation trajectory of the
cutting head changes in a fluctuating pattern throughout the entire process, but it
is basically consistent with the target trajectory of the roadway section, which
proves the correctness of the trajectory tracking control method of the cutting
head.

4. Conclusions

In order to achieve the tracking and control of the motion trajectory of the
cutting head under vibration interference and improve the forming quality of the
roadway section, the kinematics inverse solution simulation of the cutting
mechanism was carried out in this paper through MATLAB software, and the
model simulation of the motion trajectory control system of the cutting head was
conducted in the Simulink module. The conclusions are as follows:

1) The vertical and horizontal swing kinematic models of the cutting
mechanism were established, and the inverse kinematics simulation of the cutting
mechanism was carried out. The motion trajectory equation of the cutting head
was obtained, which will be used for the subsequent research on the trajectory
planning and tracking control of the cutting head.

2) A cutting head motion trajectory tracking control method was proposed,
and a cutting head motion trajectory control system was established through
MATLAB/Simulink. Simulation analysis was conducted, and the simulated
trajectory was basically consistent with the target trajectory. Compared with the
simulation results in reference [21,22], the correctness of the proposed cutting
head motion trajectory tracking control method was verified.

3) A cutting head motion trajectory tracking control method under
vibration interference was proposed. A cutting head motion trajectory control
system was established using MATLAB/Simulink, and simulation analysis was
conducted. The simulated trajectory obtained was basically consistent with the
target trajectory, verifying the correctness of the proposed cutting head motion
trajectory tracking control method.

This article adopts a combination of theory and simulation to obtain the
above conclusions, but the proposed cutting head motion trajectory tracking
control method only conducts simulation analysis. If combined with experimental
verification, the research conclusions will have more guiding significance.
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