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ABSTRACT

With the continuous improvement of positioning accuracy of high-power fiber lasers and industrial
robots, the use of robots for laser processing has been widely applied in the field of industrial
manufacturing. This article designs a laser cutting robot and control method, using ABB-IRB120 dual
robotic arms, specifically applied to the cutting of railway sleeper steel bars. The robot vision system
can automatically recognize the steel bars of railway sleepers, and the overall cutting process is
controlled by a safe and reliable PLC. The follow-up system is controlled by STM32 and integrates a
dual loop competition algorithm to establish a control model namely "feedforward compensation
PID+sliding mode control". The visualization simulation experiment results of trajectory tracking
analysis have verified that the model has the advantages of fast response and high control accuracy.
The experimental results show that the robot can achieve high-speed, stable, and precise cutting of
rail sleepers, and can meet the needs of cutting various types of rail sleeper steel bars.

Keywords: Laser cutting, Mechanical arm, Cutting trajectory tracking, Visual recognition, Control
model

1. Introduction

With the continuous development of science and technology, robots have become an indispensable
part of the modern manufacturing industry, and have received widespread attention and application
for their advantages of high efficiency and precision. According to the different environments and
purposes of their use, robots can be divided into industrial robots, service robots, military robots,
special robots and so on [1]. At the same time, due to the process of industrialization and production
safety considerations, the traditional mechanical cutting technology and can not meet the
contemporary production needs, laser cutting technology came into being. It has the advantages of
high precision, high speed, good quality, good cutting surface flatness, small kerf width, etc., and can
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avoid material rupture, deformation, pollution and other problems [2-5]. Laser cutting technology is
widely used in metal processing, building decoration, textile manufacturing, medical equipment,
woodworking products and other fields [6-9]. The laser cutting robot is a kind of industrial robot,
which is the process of inputting the digital design program into the robot system, calculating the
path data according to the shape and size of the products to be processed, and then cutting and
processing the process by controlling the robot [10]. This way of automated processing according to
the preset program, can automatically and quickly complete the cutting task, save manpower, save
time, improve the production efficiency, greatly reduce the production cost of enterprises, improve
the market competitiveness of enterprises [11-12]. In addition, the robot laser cutting technology is
used in the way of digital programming, can be directly in accordance with customer requirements
for the drawing design, a better realization of the manufacturing process of the accurate
transmission of information [13].

2. Material and Method
2.1. Mechanical Structure Design of Laser Cutting Robot

2.1.1. Overall mechanical structure design. The laser cutting robot consists of a worktable, a
garbage recycling module, dual robotic arms, a dust cover, a water cooling module, a gantry, and a
camera. The two six degree of freedom industrial robots are respectively placed on two worktables.
Water cooling systems connected to laser cutting heads through water pipes. garbage recycling
modules under the workbenches is used to store cutting waste. The gantry and camera are used for
visual initial positioning. As shown in Figure 1:

Gantry and camera  Water-cooled system«

4

Dust cover  Work surface  Garbage collection module  Six-degree-of-freedom
industrial robots«

Fig. 1. Overall structure of the dual laser cutting robot
2.1.2. Mechanical structure design of each part:

1) Mechanical arm structure and selection. The mechanical arm adopts ABB type due to its high
precision and ease of integration, as shown in Figure 2. The material used for the robotic arm is
aluminum alloy, which is corrosion-resistant, lightweight, and resistant to high temperatures.
Harmonic reducers with stepper motors are adopted to control the mechanical arm.
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Fig. 2. Mechanical arm structure diagram
Note: 1-J1 axis; 2-J2 axis; 3-]3 axis; 4-]4 axis; 5-]J5 axis; 6-]6 axis

2) Selection of laser cutting nozzle. The nozzle is a key component of a laser cutting machine, and its
shape and aperture have a significant impact on cutting quality. As the distance between the steel
bars of the sleepers is only a few centimeters, a conical nozzle is selected. The diameter of steel bars
is usually 10-20mm. Choosing a high-power (= 6000W) double-layer high-speed laser nozzle can
meet the technical requirements for cutting rail sleeper steel bars. In terms of material selection, the
nozzle is equipped with a ceramic ring inside and brass outside, with fast heat transfer and high
temperature resistance. Figure 3 is a simulation diagram of the overall heating under the working
temperature of laser cutting.
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Fig. 3. Simulation of brass nozzle at 400°C
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From the above simulation analysis result, it can be seen that selecting a brass for the laser cutting
nozzle is highly effective for operating in environments with temperatures ranging from 200 to 400
degrees Celsius. The analysis revealed that brass exhibits excellent thermal stability.

3) Mechanical structure of follow-up device. The follow-up device mainly consists of flange, stepper
motor, coupling, ball screw, eddy current distance sensor, and laser head. As shown in Figure 4:

1 Flange connection. 2 Stepper motors. 3 Coupling. 4 Ball screws. 5 Eddy-current rangefinder.
6 Laser head«

Fig. 4. Follow-up system structure

The follow-up system is connected to the flange at the end of the six axes through screws, as
shown in Figure 5:

Fig. 5. Connection between the robotic arm and the follow-up system

4) Design of Water Cooling System. The laser cutting gun head generates a large amount of heat
during operation, so the design of a water cooling system is very necessary. It consists of a water tank,
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water pipes, and high-temperature resistant hoses. When working, wrap the hose around the gun
head and connect it to the water pipe.

2.2. Design of Cutting Robot Control System

2.2.1. Overall control system of laser cutting. The overall control process is divided into four steps
as shown in Figure 6.

Transport and fix the sleepers to

the designated position

Detecting the number of
reinforcements inside the sleeper

Incomplete

Perform the Corresponding
cutting process and ensure its
stability

Determine if the cutting is
complete

l

Finish the cutting.

Fig. 6. Laser cutting process

The sleepers are fed into the conveyor belt, and the photoelectric sensor detects the front and rear
ends of each section of sleeper. When the rear end of the sleeper reaches the photoelectric sensor
each time, it controls the conveyor belt to stop. Then, visual camera is activated to detect the position
of the circular hole on the rail sleeper through visual algorithms, locate the cutting path, compare the
cutting path with the threshold of the path coordinates, and calibrate the position of the rail sleeper
in the image again. If the cutting path is reasonable and passes the calibration, the main body of the
robotic arm start to cut the sleeper. As shown in Figure 7:
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Fig. 7. Top view of cutting rail sleeper process

Note: Robotic arm; 2- Conveyor belt; 3- Sleeper steel bars; 4-Vision camera; 5-Photoelectric sensor

The overall process is controlled by PLC, and STM32 only serves as the main control chip for eddy

current distance measurement. They are connected through ETH communication protocol.
detailed process of the cutting process is shown in Figure 8:
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Fig. 8. Overall control diagram of laser cutting

2.2.2.  Design of Follow up System:

1) Selection of Sensors. In the follow-up device, a large amount of practice has proven that the
distance between the nozzle and the workpiece (rail sleeper reinforcement) should be maintained at
1-3mm. The accuracy of the eddy current ranging sensor reaches 0.001mm and it can detect metal
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objects only, so it is able to avoid the influence of uncertain factors such as dust, light, and cement
residue. Therefore, the eddy current distance measuring sensor fully meet the requirements of laser
cutting of railway sleepers. The Schematic diagram of ideal cutting position is shown in Figure 9.

<— Laser nozzle

Desired ideal position

__________ TJ

DISTANCE

T T T 77

Fig. 9. Schematic diagram of ideal cutting position

2) Control algorithm of the follow-up system:

(1) Communication between PLC and STM32. STM32 is responsible for the distance measurement of
the servo system, while controlling the posture and execution of the robotic arm requires the use of
PLC, so STM32 must be kept precise and high-speed communication with PLC. Due to their close
working distance and complex on-site environment, the Ethernet protocol is the best choice,
ensuring the accuracy and low latency of the system.

At present, the code is written using analog input instead of sensor output, and the obtained
distance values are stored in the DISTANCE variable of type int. Returning the values to the PLC
system through the ETH protocol enables control of the system.

(2) Introducing Control Algorithms - Dual Loop Competition. The algorithm for dual loop
competition and why some weights are retained during proportional decentralization are both
aimed at ensuring that the control loop with trajectory information can control the normal trajectory
of the robotic arm, preventing the situation that all weights appear in the incremental loop while the
control loop cannot run the trajectory normally.

As the mechanical arm start to work, the follow-up system measures the distance between the
nozzle and the steel bar through an eddy current ranging sensor. Based on the distance, the position
of the laser head is adjusted automatically, and then the cutting path is executed. The fusion
algorithm is used to control the robotic arm and the distance between the nozzle and the steel bar,
keeping it within 1-3 centimeters at all times. The laser head is input with control loop and
incremental loop, which is obtained by the eddy current ranging sensor through incremental PID.
Figure 10 shows the specific application of the dual loop competition algorithm in the rail sleeper
cutting follow-up system.
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In the process of controlling the manipulator,
there are two input quantities for the vertical axis of the laser head:

1 Control Loop Value: The control variable for the robotic arm, referring to the
output quantity from the original sliding mode PID preset trajectory on the

Vertical Axis vertical axis (Z).

Output Value 2 Incremental Loop Value: The incremental quantity obtained through the
incremental PID control based on the measurement of electric eddy current
distance.

p84
Control Loop value Incremental Loop value
v v
The incremental loop value incorporates feedback

Without feedback in the control loop, the control but does not contain path information. It provides

loop quantity contains althea path information, and an incremental feedback only when the robotic

the path can only be controlled by the control loop.| | arm's nozzle approaches the sleeper, enabling the
Under normal conditions, the robotic arm is fully | | control of the robotic arm to reach an ideal desired
controlled by the control loop quantity position as close as possible to Imm from the
sleeper

Determination
of Weight Allocation Pattern
DISTANCE

DISTANCEE
DISTANCEE (0,1mm)
(B3mm,+<°)

DISTANCEE&
(Imm,3mm)

A

The dual-loop competitive mode is activated
when the DISTANCEE (Omm-1mm) .In this
mode, the control loop and the incremental
loop enter into a dual-loop competitive
closed-loop system. The specific
implementation is as follows: If the

IDIST ANCE slmm,since the control loop is
open-loop, its gain is random and can be
positive or negative. However, the
incremental loop, which is closed-loop, will
always provide a negative gain to bring the
nozzle back to the desired position. To
quickly move the nozzle away from the
sleeper rib and avoid collisions, the two loops|
compete and compare. The process involves:
1 Filtering out the loop with a negative gain.
2.Comparing the absolute values of the gains
ofthe two loops and selecting the loop with
the largest gains the winner of the
competition. This loop will then begiven full
control.

This process should be continuously executed
in a loop while the DISTANCE is less than
Imm to ensure that the loop with the largest
negative gain is always selected, thus
avoiding collisions.

In the case of the proportional distribution
mode, with DISTANCEE( 1mm,3mm) , as
the robotic arm operates as an open-loop
system, it's difficult to keep the nozzle stably
at

the desired position. Under such
circumstances, a weighted value can be given|
to the incremental loop of the robotic arm's
vertical axis. As the nozzle approaches the
ideal desired position, the weight of the
incremental loop should increase
accordingly. The value of DISTANCE plus a
constant, multiplied by a proportional
coefficient, can be used as the weight
coefficient Control for the control loop. Thus
(1-Pcontrol) can serve as the weight
coefficient for the incremental loop.
Specifically, the range of 1-3mm can be
mapped proportionally to the weight
coefficients of 0.5-1,serving as the weight
coefficient for the control loop.
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Fig. 10. Overview of dual Loop competition algorithm in follow-up system

STM32 is used to read and return numerical values, and the PLC controls the robotic arm.
Therefore, the specific algorithm for integrating the follow-up system into the control system needs
to be implemented by the PLC. The following shows the code section for STM32 to read the
parameters of eddy current sensors:
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AD_Init(

RCC_APB2PeriphCloc _APB2Periph_ADC1, ENABLE);
RCC_APB2PeriphClockCmd(RCC_APB2Periph_G! , ENABLE);

RCC_ADCCLKConfig(RCC_PCLK2_Dive);

S8MHz ;
| GPIO_Pin_3;

OO0 D
el

[

egularChannelConfig(ADC1, ADC_Channel_2, ', ADC_SampleTime

ADC_InitTy ADC_InitStructure;
e_Independent;

TrigConv_None;

ADC_StartCalibration(ADC1);
(ADC_GetCalibrationStatus(ADC1l) == SET);
}

uintl6_t AD_GetValue(uint8_t ADC_Channel)

ADC_RegularChannelConfig(ADC1, ADC_Channel, » ADC_SampleTime_55CyclesS5);

ADC_SoftwareStartConvCmd(ADC1, ENABLE);

(ADC_GetFlagStatus(ADC1, ADC_FLAG_E

ADC_GetConversionValue(ADC
GetDistance()

ADValue = AD_GetValue( );

t the AD va

Voltage = ADValue *

Distance = Voltage /

Distance;

Fig. 10. Establishment of kinematic model

1) D-H method. The Denavit Hartenberg (D-H) model is a method for modeling robot linkages and
joints. The D-H method reduces 2 degrees of freedom by restricting the origin position and X-axis
direction (fixed from the current joint to the next joint), so only 4 parameters can be used to express
the coordinate changes between joints. Table 1 shows the symbols and meanings of various
parameters in the D-H method.



DESIGN AND RESEARCH OF A NEW HIGH POWER RAILROAD TIE LASER CUTTING ROBOT 9717

Table 1. Symbols and meanings of various parameters in the D-H method

Symbol Meaning
a; The distance between axes i and i-1
a; The Angle between axesiand i-1
d; The relative distance between the origin of axesiand i-1
o, The Angle between the axis of axis i and the x-direction of axis i-1

When using the D-H method for modeling, a reference coordinate system should be specified for
each joint first, that is, for each joint, a Z-axis and X-axis should be specified (see Figure 11). For the
Z-axis, when the joint rotates, the Z-axis is located in the direction of rotation according to the
right-hand rule. When the joint slides, the Z-axis is the direction of linear motion. For the X-axis,
when two joints are not parallel or intersect, the Z-axis is usually a diagonal line. In this case, choose
the shortest common perpendicular line, which is orthogonal to any two diagonal lines. Define the
X-axis of the local reference coordinate system in the direction of the perpendicular line.

Y271

A
YO X5

—>»X0
Z0

Fig. 11. Simplified schematic diagram of robotic arm structure

After establishing the coordinate system, fill in the D-H parameter table according to the structural
parameters of the robotic arm. As shown in Table 2:

Table 2. Mechanical arm D-H parameter

i a; ; d; 0.
1 —90 d 6,
2 90 0 6,
3 0 I, 0 6,
4 I 0 o,
5 I, 0 0

We set the base as the first joint, so in the base coordinate system, the first joint can be
represented as:

pw = iMfDx[px + l.wD-y[py + ivaz[pz
pu ZiLth[bx +iuD.y[by +iu[iz[bz (1)
p, =z p, +i P, +i[Llp,

Represent it in matrix form:
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p w iw DX l.W D‘y iw D'Z p X
pu = iu [ix iu Dy iu D.z py (2)
pv Zv Bx iv D-y iv Dfz pz
According to the trigonometric relationship, the expression for the rotation matrix can be
obtained:

1 0 0
Rot(x,0)=|0 cosd —sinf (3)
0 sind coséd
cos@ -—sinf O
Rot(z,0)=| sind cosd 0 (4)
0 0 1
cosd 0 sind
Rot(y,0) = 0 1 0 (5)
—sind 0 cos@

In order to preserve the results of rotation changes, the rotation change matrix is included as part

of the change matrix.
“R P\ (Ry; P
AT: B — 3x3 3x1 6
’ [0 1] [ 0 1 (©)

By using this transformation matrix, the coordinates of points in different coordinate systems can
be expressed. For a robotic arm, the position and posture of the next joint can be represented by
changing the matrix, and the pose of the end effector can be accurately represented after multiple
changes.

2) Forward kinematics model of robotic arm. Figure 12 ~ Figure 14 is the example of the
ABB-IRB120 robotic arm (which complies with the mechanical structure selection):

Teach

X: -374.000
V: 0.000
z: -50.000 1000
R: 0.000
P: -90.000 500
Y: -180.000
0
ql . I jo - e
:z : 8 '>< ABB-IRB120
g4 i N
a5 .| i ,|o -1000 7
- : 1000 -~ "
&8 | | J . : .
> -500
ﬁ v -1000  -1000 5

Fig. 12. Simulation model of ABB-IRB120 robotic arm
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Fig. 13. ABB-IRB120 manipulator linkage parameters

Fig. 14. Schematic diagram of the link coordinate system of the manipulator

After establishing the linkage coordinate system based on the structure of the robotic arm, the D-H
parameter table of the robotic arm is obtained as shown as Table 3:
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Table 3. Mechanical arm D-H parameter
JOINT PARAMETER ai a; d, 0
1 -z 0 d, )
2
b3
2 0 a, 0 65-—25
b3
3 ) ay 0 6,
Vi
4 5 0 d, 6,
5 _z 0 0 95
2
6 0 0 dg O +7

Matlab Robot Toolbox is used to verify the D-H model of the robotic arm and obtain operational

results:

%The robot toolbox builds the robot model

% theta(z) d(z) a(x) alpha(x)

Li=Link([ © di 2] 2] ], 'modified');
L2=Link([ © e al pi/2 ], 'modified');
%The Angle of joint 2 is compensated at the initial value
%L2.offset=pi/2;

L3=Link([ © 2] a2 2] ], 'modified');
L4=Link([ © d4 a3 pi/2 ], 'modified');
LS=Link([ © 2] 2] -pi/2 ], 'modified');
L6é=Link([ © 2] 0 pi/2 1, 'modified');

Robot_6=SeriallLink([L1,L2,L3,L4,L5,L6], 'name', 'ABB_IRB_120"');

%0utput results simultaneously

disp('Positive solution of homogeneous transformation matrix:');

T_06

disp('Robot toolbox positive solution:');
Robot_6.fkine([Q1 Q2 Q3 Q4 Q5 Q6])

The variation relationship between the joints of the robotic arm is derived based on the matrix of

changes ;T between coordinate systems.

cosd, —sing, 0 O
07— sing, cosg 0 O
: 0 0 1 4
0 0 0 1
cos —sinf, 0 ¢
X 0 0 -1 0
T =

sing, cos¢, 0 O
0 0 0 1

(7)

(8)
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cost, —sinf, 0 «,
2. |sin@; cosf 0 0
oo 0 10
0 0 0 1
cosd, —-sind, 0 «q,
T 0 0 -1 —d,
! sind, cosd, 0 O
0 0 0 1
cosdy —sinf, 0 O
. 0 0 1 0
571: .
—-sin¢, —cosd, 0 0
0 0 0 1
cosd; —sind;, 0 O
s 0 0 -1 0
T =
° sing, cosd, 0 O
0 0 0 1
1 00 O
. 01 0 0
tT =
0 0 1 d,
0 0 0 1

Using Matlab code to construct the conversion relationships between each joint:

clc
clear all;

%The input here is the Angle
thetal=10;
theta2=10;
theta3=10;
thetad4=10;
theta5=10;
thetaé=10;

d1=2909;
al=270;
a2=7e0;
a3=30e2;
d4=72;
dt=39;

%Convert angles to radians
Ql=thetal/180*pi;

=theta pi+p1/2;

2=theta2/180*pi+pi/2
Q3=theta3/180*pi;
Q4=theta4/180*pi;
Q5=theta5/180*pi;
Q6=theta6/180*pi;

(9)

(10)

(11)

(12)

(13)
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%Homogeneous transformation matrix between ABB_IRB_120 links

T_01 =[ cos(Q1), -sin(Q1), 0, 2]
sin(Q1), cos(Q1), e, 2]
o, 0, 1, di
e, o, 9, 1];
T_12 =[ cos(Q2), -sin(Q2), 9, al
e, o, -1, 2}
sin(Q2), cos(Q2), o, 2]
e, e, e, 1];
T_23 =[ cos(Q3), -sin(Q3), o, a2
sin(Q3), cos(Q3), o, 2]
o, 0, 1, 2]
o, e, 9, 1];
T_34 =[ cos(Q4), -sin(Q4), o, a3
e, o, =1, -d4
sin(Q4), cos(Q4), 9, 2]
o, o, e, 1];
T_45 =[ cos(Q5), -sin(Q5), 0, 2]
o, °, 1, )
-sin(Q5), -cos(Q5), 9, 2]
a o a 17

The homogeneous change matrix between the links of the robotic arm is continuously multiplied
in the order from the end to the base to obtain the pose description matrix of the end relative to the

base coordinate system.

nx OX ax

n o o
O _ O 1l 234 S y y y
O = T \T2T3T 73T =

nZ OZ aZ

0 0 0

(14)

Simplify the expression, let: sinf =s,,cos0 =c,,sin(6,+6,)=s,,, cos(d,+6,)=c,,, substitute to

obtain:

1n,_S6(C4S) = 8,0,C3) = Co(85¢,553 — C5(5,8, +¢,¢,C53))

n,= —Co(858182, €5 (€8, —€,481C23)) = S(€,€, +5,8,C53)

N, = Co(S5Cy; +€,C5803) = 8,85

0, = Se(85€,853— C5 (8,8, €,6,653)) + ¢(cy 8, —

0, = 8e(858,5,5F €5(€,5,— €,5,013)) — ¢ (€,C4 + 5 45,C53)

0, = =84(85Cy3 +€,C5873) = Ce84553
A, = C5,01855 + 85(815, +€,6,Cy;)

a, = 58,8, = S5(18, = €481C53)

A, = Cy85853 —CsCxp3

P, = 40 +a56,Cp +d 018y + 4,00

P, =5 +a35Cy; + d451523 +a,6,8,

p. =d, +a,8, + a5y, —dCy3

(15)
(16)
(17)
8 4€,Ca3) (18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)

Using Matlab to multiply the homogeneous transformation matrices between linkages to obtain

the homogeneous transformation matrix of the robotic arm.



DESIGN AND RESEARCH OF A NEW HIGH POWER RAILROAD TIE LASER CUTTING ROBOT 9723

SV, “US WY, s v
o, o, o, 1];
T 6t=[ 1 ° ° )
) 1 8 )
] 0 1 dt
e ] ] 1];

%The homogeneous transformation matrix between the links is multiplied to obtain the homogeneous transformation matrix of the robot
T_06=T_O1*T_12*T_23*T_34*T_45*T_56;
nx=T_06(1,1);

ny=T_06(2,1);

nz=T_B6(3,1);

ox=T_06(1,2);

oy=T_06(2,2);

0z=T_06(3,2);

ax=T_86(1,3);

ay=T_06(2,3);

az=T_06(3,3);

px=T_06(1,4);

py=T_06(2,4);

pz=T_06(3,4);

| (P S
%The robot toolbox builds the robot model
% theta(z) d(z) a(x) alpha(x)

%The robot toolbox builds the robot model

% theta(z) d(z) a(x) alpha(x)
Li=Link([ © di 2] 2] 1, 'modified');
L2=Link([ © 2] al pi/2 ], 'modified');

%The Angle of joint 2 is compensated at the initial value
%L2.offset=pi/2;

L3=Link([ © 2] a2 2] ], 'modified');
L4=Link([ © d4 a3 pi/2 ], 'modified');
L5=Link([ © 2} 2] -pi/2 1, 'modified');
Lé=Link([ © 2] 0 pi/2 ], 'modified');

Robot_6=Seriallink([L1,L2,L3,L4,L5,L6], name', 'ABB_IRB_120');

%0utput results simultaneously
disp('Positive solution of homogeneous transformation matrix:');
T @6

disp('Robot toolbox positive solution:');
Robot_6.fkine([Q1 Q2 Q3 Q4 Q5 Q6])

The solution is:

-0.4109 0.3055 0.8590 218.83

0 -0.4171 -0.9008 0.1208 38.58
ol = (27)
0.8107 —0.3086 0.4975 667.34
0 0 0 1

The correct solution for the robot toolbox is:

—-0.4109 0.3055 0.8590 218.8

-0.4171 -0.9008 0.1208 38.59

0.8107 —0.3086 0.4975 667.3
0 0 0 1

(28)

3) Inverse kinematics model of robotic arm. The ABB-IRB120 robotic arm is a special configuration
with multiple axes intersecting at one point, and there exists an analytical solution. Algebraic
methods are used to get the inverse solution of the robotic arm. Firstly, write the pose description
matrix in the following form:
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]’l)C Ox ah px
n, o a, Pp,
r=| ’ 29)
n, o, a, p,
0 0 0 1
2T=? T<91)127192)37193)2294);‘295)27296) (50)

Because the range of values for arcsindand arccos®is relatively small, the joint movement angle
of the robotic arm can reach (-7, 7). Therefore, it is necessary to fully consider the range of values

for different poses before making judgments during use. The range of values for the bivariate
arctangent function a tan(y, x)is, which in many cases eliminates the need for additional judgment

processes. And the lack of definition in some special points of the inverse sine function and the
inverse cosine function can lead to the amplification of errors in the calculation results, while the
tangent function a tan(y,x) do not have this problem.

arctan(z), x>0
X
arctan(z) +7,x <0andy >0
X
Y
arctan(=) — 7, x < 0Oandy<0
atan(y,x) = (x) y (31)

%, x = 0andy>0

—%,x = 0andy<0

Undefined, x =0andy=0

Firstly, move the part contained “ 4, "in the equation (31) to the left of the equation to obtain:

_1\0
(T e e e (32

Invert [T, then transform the equation into the following form:

¢ s 0 0 (|n o a p,
-5, ¢ 0 O |n, o, a, ,
1 G y 0, 4, P, s (33)
0 0 1 —d|ln o a p.
0 0 0 1 0 0 1

After solving | T, by observing the matrices on both sides of the equation and making the elements

(2,4) equal, we obtain the following equation:
—sp,+¢p, =0 (34)

p..p,1s the final expected position of the robotic arm. Given the construction drawings of the

sleepers and the location of the steel bars, ¢, can be expressed as:

6, =Atan2(p,,p,) (35)

Among them, there are two sets of solutions for 8,. By making the matrix elements (1,4) and (3,4)
equal to each other in the above equation, we obtain:
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Gp,t85p, =a +a,C, +a,0p5 + d,sy (36)
p.—d, =a,s,+ass,, —d,c,; (37)
m=cp, +sp,—a

Let:
n:pz_dl

The square of the left and right sides of the equation is the following result:
m’+n’ =a,” +a,’ +d,’ +2a,(a;c, +d,s,) (38)

(m*+n*—a,’ —a’—d,})

2a,

Let: H= , the equation can be expressed as:

aie,+dys, = H (39)

So the solution shows that:

0, = Atan2(H,+\/a,’ +d,’ —H*)— Atan 2(a,,d,) (40)

There are two sets of solutions for 6,. The description matrix of the end pose of the robotic arm is
the following calculation formula:

0

-1
([gTwz)] )6 T =, Ty 5Tio e Lia,) (41)

Make elements of matrix (1,4) and (2,4) equal, and use Matlab to calculate:
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syms Q1 Q2 Q3 Q4 Q5 Q6 dl d4 dt al a2 a3

%Homogeneous transformation matrix between links

T_e1 =[ cos(Q1),
sin(Q1),
e,

a,

T 12 =[ cos(Q2),
a,
sin(Q2),
e,

T_23 =[ cos(Q3),
sin(Q3),
e,

e,

T_34 =[ cos(Q4),
e,
sin(Q4),
e,

T_45 =[ cos(Q5),
e,
-sin(Qs),
e,

T_56 =[ cos(Q6),
e,
sin(Qs),

% Compute the inverse of T_86 and T_16

-sin(Q1),
cos(Q1),
8,

0,

-5in(Q2),
8,
cos(Q2),
a,

-sin(Q3),
cos(Q3),
8,

e,

-sin(Q4),
a,
cos(Q4),
e,

-sin(Q5),
e,

-cos(Q5),
a,

-sin(Q6),
e,
cos(Q6),
e,

DO P ®

(<]
e
di
11;
al

— —
we s

O 0 OO0 OO OO
—
s

T_B6=[nx ox ax px;ny oy ay py;nz oz az pz;@e 6 @ 1];
T_83=T_e1*T_12%T_23;
T_36=T_34*T_45*T_58;

% Calculate the inverse of T_e1l

T_83_inv = inv(T_83);

#%Print the result and simplify

T_left=T_83_inv*T_86;
disp("Matrix on the left:")

% Compute the inverse of T_86 and T_16

T_86=[nx ox ax px;ny oy ay py;nz oz az pz;@ @ @ 1];

T_03=T_01*T_12*T_23;
T_36=T_34*T_45*T_56;

% Calculate the inverse of T_O1

T_83_inv = inv(T_83);

%Print the result and simplify

T_left=T_03_inv*T_06;

disp("Matrix on the left:")

%T_left=simplify(T_left)

T_left

disp("The matrix on the right side:")

simplify(T_36)

%We get the final result and we simplify it|

a3=(pz - d1)*sin(Q23) - al*cos(Q23) - a2*cos(Q3) + px*cos(Ql)*cos(Q23) + py*sin(Q1l)*cos(Q23);
d4=-((pz - d1)*cos(Q23) + al*sin(Q23) + a2*sin(Q3) - py*cos(Q1l)*cos(Q23) + px*sin(Ql)*cos(Q23));

nX Ay Nz oX oy oz ax ay az px py| pz

In the equation, only s, and ¢,, are unknowns, and 6,, (ie. 6,+6,) can be solved. Set:

nq=qpﬁw¢5—q,n5=p[%ﬂ,m3=%+a;yiqz—qg;wgg—i,rbzaﬂig=—@—a§y

Therefore, the equation can be transformed into the following :

M, Cy3 + M,y S5 = 1My

(42)
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NCy3 + 1,853 =104 (43)
The following solutions are obtained:
mn, —msn
X=8y=—= = (44)
mn, —nm,n,
—M, Ny —MsN
Y=y =—23 3’ (45)
mn, —m,n,
So:
0,, = Atan2(y,x) (46)
0, =0,, -0, (47)

4) Trajectory Planning of End effector. After obtaining the joint angles of the robotic arm through
inverse kinematics, a series of intermediate joint angles are generated between the starting position
and the desired final position using cubic spline interpolation. The calculation is completed using
functions in Matlab software.

Based on the interpolated joint angles, a series of trajectory points are calculated using forward
kinematics equations in Cartesian coordinates. The trajectory points are smoothed using a low-pass
filter to eliminate any sudden motion or discontinuity, and the smoothed trajectory points are
converted into joint space trajectories, where each trajectory point corresponds to a set of joint
angles. Thus, a series of joint space trajectory points were obtained.

2.3.1. PID Controller and Visual Simulation. In the PID simulation experiment, a sampling time of
0.005s is first selected. When converting continuous PID control to digital, the differential element is
replaced by differential, the integral element is replaced by cumulative sum, and the proportional
element remains unchanged. The integration accumulates the original error after each operation,
and the output of the PID controller can be expressed as:

Ugy =K e+ K (ep) —e) + KE, (48)

Using Matlab to implement PID control, as shown in Figure 15:

1600

1400 - / 4

1200 - / 1

-
o
o
o
T
1

800 ! 1

amplitude(wt)

600 - ! 3
400 | 3

200 |/ 1

0 | L 1 1 L
0 0.2 0.4 0.6 0.8 1

time (s)
Fig. 15. PID Control Curve diagram

The following code screenshot shows different parameters set for the PID controller:
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close all
PID=[©.22,0.13,0;

©.4,0.13,0;

©.4,0.25,0;

©.8,0.23,0.4;

©.8,0.2,1;

©.7,0.2,0.9];%Initialize the PID parameters

for pid=1:1:6
ts=0.005; %Sampling time =©.005s
sys=tf(©.998,[©.021,1]); %Establish the transfer function of the plant

dsys=c2d(sys;ts;"2")s %discretization
[num,den]=tfdata(dsys, 'v');

e_1=0; %The deviation from the previous moment
Ee=0; %Cumulative bias

u_1=0.0; %The amount of control at the previous time
y_1=0; %The output of the previous moment

%PID parameters
kp=PID(pid,1);
ki=PID(pid,2);
kd=PID(pid,3);
u=zeros(1,1000);
time=zeros(1,1000);
for k=1:1:1eee
time(k)=k*ts; %Time parameter
r(k)=1500; %Quantity given
y(k)=-1*den(2)*y_1+num(2)*u_1+num(1)*u(k);
e(k)=r(k)-y(k); %deviation|
u(k)=kp*e(k)+ki*Ee+kd*(e(k)-e_1);
Ee=Ee+e(k);
u_1=u(k);
y_1=y(k);
e_l=e(k);
end
subplot(2,3,pid);
pl=plot(time,r,'-."');x1im([©,1]);hold on;
p2=plot(time,y, '--");x1lim([©,1]);
title(['Kp=',num2str(kp),' Ki=',num2str(ki),' Kd= ',num2str(kd)]);
xlabel('time (s)');
ylabel('amplitude(wt)');
hold on;
end

2.3.2. Improvement of PID Controller. It is difficult to establish accurate kinematic models of series
connected robotic arms, and traditional PID control algorithms suffer from factors such as lag in
integral and differential terms caused by integral saturation, which affect the improvement of
production efficiency of the robotic arms.

1) Introduction of Sliding Mode Control. A new control logic - sliding mode control is introduced into
PID controller, and its symbol explanation is shown in Table 4. It not only effectively improves the
control effect, but also has the advantages of strong disturbance resistance and fast response.

Table 4. Symbol Explanation

Symbol Meaning
Bin Angular acceleration of the motor
J rotational inertia
dt interference
L Upper bound of interference
c constant
£ The rate at which the system approaches the sliding mode surface
a restraint coefficient

The motor is controlled by inputting motor torque, and its dynamic model is as follows:
JB, =u+dt (49)

Let: x,=6,x, =6 ,the equation can be obtained:
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X =X,
1 (50)
X, = 7(u +dt)
The goal of the controller is: x, tendstowards &,, x,approaches 0, and make:
z2,=0-0,,2,=0-0, (51)
The equation can be obtained as follows:
Zlv =2z,
(52)

z, = %(u +df)

The goal of control is for a to z approach 0 and z,to approach 0. According to Lyapunov's second
method to determine the stability of a system, the system is expressed as Ve Z%ZIZ +5222_ If the

system is stable or asymptotically stable, Vi =z,z, +2,z, <0is required to set up within the

specified domain.
To achieve x, =0 andx, =0 in the controller, we can obtain:

ex, +x,=0
, (53)
X=X
The following solutions are obtained:
x, =xe
> (54)
X, =—cxe

This result indicates that all state variables will eventually approach 0 at an exponential rate, and

« __n

by adjusting the coefficient “c”, the speed of approach can be changed, that is, the larger the
coefficient, the faster its approach speed. If satisfied the condition: s =cx, +x, =0, the state of the

system will approach 0 along the sliding surface “S".
s =cx +Xx, =cx, +u (55)

“S™ is the law of convergence, which can be expressed as:

s =—gsgn(s),s >0 (56)
Use Lyapunov's second method to determine:
V' =ss =—sesgn(s) = —e|s| <0 (57)

Satisfying the conditions of Lyapunov's second method will ultimately stabilize the sliding surface,
thatis: g=0.
The Lyapunov method can only guarantee }ggs =0, which has no practical significance for actual

control, as there is no requirement for the system to reach a stable point within a finite time.
Therefore, new constraint conditions must be added as follows:

V'<—a vV (58)

For the new constraint conditions, after separating variables and integrating, assuming the
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integration time is ¢, then: JtLdtg—at.
oV

NG

Obtained: /Vm S_%atJr V(O) Lt < 2\/V<) )
a

From the above inequality, it can be seen that J will reach a stable point in finite time. The larger
ais, the faster 7 will reach the stable point. As new constraints arise, the controller needs to be
changed accordingly.

V' =55 =—sesgn(s)

V==s (59)

So:

N

V' =ss =—sesgn(s) < —a 7 (60)

We can get the following inequality:

= (61)

B

Adding the new interference term “d” to the system state equation yields the new state equation:
x' =X
1' 2 (62)
x, =u+d

The addition of a new interference term does not affect the design of the sliding surface, but the

convergence law will change.
V' =55 =s(—esgn(s)+d) < —|s| (e-L)
(63)

V' < —ax/;

represents the upper bound of the interference term, d <L, the solution is:

”

Among it, “L

82L+i.
2

So, only at that time could the controller reach a stable state within a limited time. Simulink
simulation experiments are conducted on sliding mode control using Matlab, as shown in Figure 16:
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Fig. 16. Simulink simulation result of sliding mode control

2) Model construction and design of feedforward compensation PID. Although sliding mode control
can achieve excellent control results, it requires the condition of € = L+a/ v 2 to make the system
stable in a finite time. In order to achieve global control, we choose to use the control logic of
"PID+disturbance observation feedforward compensation” when E<L+a/+ 2. Therefore, a
"PID+disturbance observation feedforward compensation” model was built using Matlab. First,
conduct simulation experiments on the model:

(1) The simulation code of feedforward compensation PID+sliding mode control is shown in the
following screenshot:
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% Clearing environment variables
clear;
ele;

% Set the simulation time and sampling time
t = ©:0.01:30;
dt = @.01;

B

Setting the system model

= 1; % Quality

= ©.5; % Coefficient of damping
5; % Coefficient of spring

= 1; % Input force

cC X~ O3

Build the state space model
= [© 1; -k/m -b/m];

[6; 1/m];

[1e];

= 0;

OO0 w8
1

sys = ss(A, B, C, D);

% Design PID controller parameters

Kp = 100;
Ki = 1e;
Kd = 20;

%The feedforward compensation PID controller parameters are designed
Kff = 1;

% Building a PID Controller
pid_controller = pid(Kp, Ki, Kd);

% A feedforward compensation PID controller is constructed
pid_ff_controller = pid(Kp, Ki, Kd, Kff);

% Series PID controller and feedforward compensation PID controller
pid_total_controller = series(pid_ff_controller, pid_controller);

% Simulation PID control

' ORI 1 g [ R e W i P RN 2

% Simulation PID control
[y_pid, ~, ~] = 1lsim(sys, u * ones(size(t)), t);

u_ff = lsim(pid_ff_controller, u * ones(size(t)), t);

% The simulation of feedforward compensation PID control
[y_pid_ff, ~, ~] = 1lsim(sys, u_ff, t);

% Draw the image of PID control simulation results
figure(1);

plot(t, y_pid);

xlabel('time(s)');

ylabel('amplitude(wt)');

legend( 'Feedforward compensates for PID control');

% The simulation results of feedforward compensation PID control are plotted
figure(1);

figure(2);

plot(t, y_pid_ff);

title('Feedforward compensation PID control response');

xlabel('time(s)');

ylabel('amplitude(wt)');

legend( 'Feedforward compensates for PID control');
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(2) Combining sliding mode control and feedforward compensation PID, the simulation result and
control logic flow is obtained as shown in Figure 17:

(3) Code implementation of feedforward compensation PID+sliding mode control:
Global variable declaration as follows:

amplitude(wt)

0.35

0.3

0.25

0.2

0.1

0.05

Feedforward compensates for PID control

10

15
time(s)

20 25 30

Fig. 17. Simulation results of feedforward compensation PID

|VAR_GLOBAL sensor FLOAT (Single Precision)
VAR_GLOBAL pwm_out FLOAT (Single Precision)
VAR_GLOBAL xin Bit

VAR_GLOBAL state Word[Signed]
VAR_GLOBAL state_pid Word[Signed]
VAR_GLOBAL state_smc Word[Signed]
VAR_GLOBAL xin2 Bit

4 |||

Main function POU_01 section:

VAR v |[mPID FB_PID

VAR qw Word|[Signed]
VAR mSMC FB_SMC
VAR wu Bit

(BN E RN E LN
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END_IF; Function feedforward compensation PID FB-PID part:

("Different control logic options®)

(*PID control*)

IF state=state_pid THEN

mPID(set_point=1.0 sensor_readout=sensor kp:=1.0 ki=1.0 kd:=0.0,
output=pwm_out Jimit_output=10.0,ProportionalGain = 0.5,

IntegralTime =0.1,Derivative Time = 0.01,FeedForwardGain = 0.2.enable1:=xin);

END_IF;

(*Sliding mode control*)

IF state=state_smc THEN

mSMC(set_point:= 1.0,sensor_readout=sensorkp:=1.0,kd:=0.0,
output=pwm_out, limit_output=10.0.enable2:=xin2);

END_IF;

R_TRIG_1(_CLK:=enable1 .Q:=rise);
(*The rising edge is started and the error is cleared®)

IF rise=1 THEN
integral :=0.0;
last_error:=0.0;

END_IF;

(*Feedforward PID control formula®)

IF enable1=1 THEN

Output := ProportionalGain * last_error + Integral / Integral Time - (ProcessValue - LastProcessValue) / Derivative Time

+FeedFowardGain * FeedForwardValue:
integral := integral + (set_point - sensor_readout) * deltaT;

last_error := set_point - sensor_readout;

END_IF;

(*Output limits*)

IF output> limit_output THEN
output=limit_output;

END_IF;

IF output <-limit_output THEN
output=- limit_output;
END_IF;

IF integral > limit_output THEN
integral :=limit_output;
END_IF;

IF integral <-limit_output THEN
integral :=- limit_output;
END_IF;

VAR_INPUT v ||set_point FLOAT (Single Precision)
VAR_INPUT v |sensor_readout FLOAT (Single Precision)
VAR_INPUT v |kp FLOAT (Single Precision)
VAR_INPUT v |ki FLOAT (Single Precision)
VAR_INPUT w |kd FLOAT (Single Precision)
VAR v |last_emor FLOAT (Single Precision)
VAR w |integral FLOAT (Single Precision)
VAR_OUTPUT w |output FLOAT (Single Precision)
VAR_CONSTANT v |deltaT FLOAT (Single Precision)
VAR_INPUT w |limit_output FLOAT (Single Precision)
VAR_INPUT v |enable1 Bit
VAR v |R_TRIG_1 R_TRIG
VAR v |rise Bit
VAR_INPUT w |Integral Time FLOAT (Single Precision)
VAR_INPUT v | Derivative Time FLOAT (Single Precision)
VAR_INPUT v |FeedForwardGain FLOAT (Single Precision)
VAR v |FeedForwardValue FLOAT (Single Precision)
VAR v |LastProcessValue FLOAT (Single Precision)
VAR_INPUT v | ProportionalGain FLOAT (Single Precision)
VAR v |ProcessValue Word[Signed]

v

END_IF; Function sliding mode control part FB_SMC part:
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e

[VAR_INPUT v |[set_point FLOAT (Single Precision)
VAR_INPUT w |sensor_readout FLOAT (Single Precision)
VAR v |emor FLOAT (Single Precision)
VAR w |last_emor FLOAT (Single Precision)
VAR w |control FLOAT (Single Precision)
VAR v |d_emor FLOAT (Single Precision)
VAR_INPUT w |limit_output FLOAT (Single Precision)
VAR_INPUT v |kp FLOAT (Single Precision)
VAR_INPUT v |kd FLOAT (Single Precision)
VAR w |threshold Double Word|[Signed]
VAR_INPUT v |enable2 Bit
VAR v |nse Bit
VAR w |integral FLOAT (Single Precision)
VAR v |R_TRIG_2 R_TRIG
VAR_OUTPUT w |output FLOAT (Single Precision)
v
v

(*Variable assignment’)

error = 0.0; ("error®)

last_error := 0.0; ("Previous error®)
control := 0.0; (*Quantity of control*)

R_TRIG_2( _CLK:=enable2 ,Q:=rise):
(*The rising edge is started and the error is cleared")
IF rise=1 THEN

integra =0.0;
last_error=0.0;
END_IF;
IF enable2=1 THEN

_point- sensor_readout;

d_error = error - last_error;

(*Sliding mode control formula®)
IF abs(error) > threshold THEN

control = sign(error) * limit_output;
ELSEIF
control =kp * error + kd * d_error;
END_IF;

END_IF;

(*Output limits*)

IF control > limit_output THEN
control := limit_output;

ELSE IF control < -limit_output
control ;= -limit_output;

END_IF;

last_error = error;;

Visual Guidance System Scheme Design

The design of the visual guidance system is divided into three parts: the first part is the design of the
visual system, which involves selecting appropriate visual sensors to collect images for processing;
The second part is the image processing system, which constructs algorithms to extract useful
features from the image and assist the robot in initial positioning during cutting; The third part is the
design of the robot control system, which guides the robot to complete cutting based on known
positioning information. The overall framework of the system is shown in Figure 18:

2.4.1.

Machine
Imagg o
vision
systems

Image
processi
ng

control
system

Output
signal

Fig. 18. Framework of visual guidance system

Design of Visual Hardware System - Camera Selection and Calibration. Industrial cameras are
mainly divided into two categories: CMOS chip cameras and CCD chip cameras. Through comparative
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analysis, CCD cameras are suitable for capturing high-speed moving objects, and in terms of
resolution, sensitivity, and noise resistance, CCD performs better than CMOS. Therefore, the cutting
robot adopts a CCD industrial camera as the visual hardware.

After selecting the camera, we also need to calibrate it. It is necessary to solve the coordinates of
the workspace, calibrate the visual system, and obtain the matrix transformation relationship
between the pixel coordinate system and the image coordinate system, the image coordinate system
and the camera coordinate system, and the camera coordinate system and the world coordinate
system. By using checkerboard calibration, the influence of camera distortion on the image can be
removed, and the distortion coefficient and internal parameters of the camera can be obtained for
the construction of the next image processing algorithm.

2.4.2. Image Processing System. In the cutting robot, the positioning system can be guided by
vision, by designing image processing algorithms to obtain the path, then converting the coordinates
of pixels in the image into workspace coordinates, and finally guiding the robot to complete visual
positioning. The gantry is used to install a camera which can look down on the entire working range,
instead of converting the perspective image to a bird's-eye view, reducing the amount of code and
computation time.

1) Image grayscale processing. Figure 19 shows the steel bars for rail sleepers to be cut, the image is
generally a three channel RGB image. When guiding the cutting path, its feature information is only
needed. Therefore, grayscale processing is performed to obtain a single channel image, reducing the
computational complexity of the image.

Fig. 19. Steel bars for rail sleepers to be cut

2) Define ROI area (left and right rail sleeper segmentation)
1. img_shape =img.shape[0]
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height, width = erosion.shape][:2]
center = width // 2

img_left = img[:, :center]

img_right = img[:, center:]
img_left_erosion = erosion[:, :center]
img_right_erosion = erosion[:, center:]

When transporting railway sleepers on a conveyor belt, there is often misalignment between the
left and right monorails, and the two sides cannot be divided into the same cutting path. Therefore,
by delimiting the ROI area, the left and right railway sleepers are separated and processed
respectively.

NGO YA W

3) Image thresholding. Using the Otsu method (OTSU method), also known as the maximum inter
class variance method, for image M, denoted as F is the segmentation threshold for foreground and
background, the proportion of foreground pixels to the total number of pixels in the image is uy,and
the average gray level of pixels is v,; The proportion of background pixels to the total number of
pixels in the image is u,, and the average number of pixels is v;. The total average grayscale of the
image is vg= uy X vy + u; X vq. Traverse F from the minimum grayscale value to the maximum
grayscale value. When F makes the inter class variance valueo?=ugy X (vy — vp)2+u; X (v —
vr )?maximum, F is the optimal threshold for segmentation.

When using the OTSU method, the threshold should be set to 0. At this point, the function
cv2.threshold() will automatically search for the optimal threshold and return it. Figure 20 shows
the image after OTSU threshold processing.

Fig. 20. Image after OTSU Threshold Processing

2.4.3. Contour Detection & Localization Information Extraction. In actual production, the uncut
two connected rail sleepers have concrete adhesion, which has a significant impact on the
construction of contour detection algorithms and increases the possibility of misidentification.
Therefore, contour detection and Hough circle detection methods are used to extract features. The
visual positioning flowchart is as Figure 21:
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Fig. 21. Visual Localization Process Diagram

As the "center point" of a contour, and the centroid (center of mass) can be calculated through its
moments. For contours, the centroid of their X coordinate can be obtained using M10/M00, and the
centroid of their Y coordinate can be gained using M01/M00, where MOO is the zero order moment
(contour region), and M10 and MO1 are the first-order moments about X and Y, respectively.

1. for contour in cv_contours:

# calculate moment
M = cv2.moments(contour)
if M['m00']!=0
# calculate centroid
cx =int(M['m10'] / M['m00'])
= int(M['m01'] / M['m00'])
centroids.append((cx, cy))
cv2.circle(img_copy, (cx, cy), 5, (255, 0, 0), -1)
10 centroids_array = np.array(centroids)
11. # calculate center point
_center = np.mean(centroids_array, axis=0)

© O N O U W

3. Results

1) Using the D-H method to establish a forward kinematics model of a robotic arm and solve its
inverse solution, calculating its workspace using Monte Carlo method, combining the basic principles
of PID control, and visualizing the trajectory tracking of a six degree of freedom articulated robotic
arm based on Simulink simulation platform in MATLAB. A control model combining "feedforward
compensation PID+sliding mode control” is established to address the issues of inaccurate tracking
performance, large error fluctuations, and difficult PID parameter tuning in simulation results. Then,
visual simulation of trajectory tracking was conducted on the improved control model, verifying its
advantages of fast response, high control accuracy, and no dependence on PID parameter settings.

In the actual production process, the quality of PID control parameter settings will directly affect
the control process. Taking the performance of the same controller when setting different
parameters as an example, the specific is shown in Figure 22:
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Fig. 22. PID control curves of different parameters

2) Compare performance between “Feedforward Compensation PID+Sliding Mode Control” and
Ordinary PID through the simulation result, the specific is shown in Figure 23.

152 T = T T
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0.8 1
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S
@ 0.6 PID Control 1
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0 1 1 L L
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Fig. 23. Simulation results of ordinary PID vs sliding mode control and feedforward PID control

3) After processing the visual positioning process, the image processing effect of rail sleeper
positioning detection can be obtained, in which pink represents the extracte contour of the circular
hole, white represents the centroid of the circular hole contour, and green stands for the cutting path.

As shown in Figure 24:
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left

Fig. 24. Image Processing Effect Diagram
4. Discussion
4.1. Analysis of Simulation Experiment Results

1) In the process of PID simulation experiment, the selected sampling time is 0.005s. When
converting continuous PID control to digital, the differential part is replaced by difference, the
integral part is replaced by accumulation and sum, and the proportional part remains unchanged.
The implementation of integration accumulates the original error after each operation, and the
output of the PID controller can be expressed as: u (k)=K p e (k)+Kd (e (k) el)+Ki Ee. Figure23
shows significant performance differences of PID controllers under different parameters. The
controller has a strong dependence on parameter settings and tuning it very difficult.

2) From the figure 24, it can be seen that the ordinary PID gradually stabilizes at the target angle at
1.8 seconds, while the sliding mode control+feedforward compensation PID stabilizes at the target
angle at 0.8 second. Therefore, it can be concluded that the response time of "sliding mode
control+feedforward compensation PID" is 1 second faster than that of ordinary PID. Moreover, the
new control logic curve almost overlaps with the target curve, indicating that the overshoot of PID
parameters in sliding mode control+feedforward compensation is very small.

4.2. Issues to be improved and next research directions:

1) Coordination of control system: Regarding the coordination between sliding mode control and
dual loop competitive PID, previous research literature has not yet applied control methods, and
there may be some potential difficulties in the actual implementation process, such as the coefficient
P for weight allocation may need to be determined and modulated according to the actual
mechanical structure and material selection.

2) Error handling capability of the robotic arm: The system uses sliding mode control for the motion
part, while the feedback ->motor output value part is achieved through feedback from a single eddy
current sensor. At present, the number of sensors is relatively small, making it difficult to provide
timely feedback and handle phenomena that are highly likely to occur in industrial environments
such as accidental collisions and sensor failures. In addition, there is a lack of processing for
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abnormal values in control, which may lead to increased losses. This may be an urgent problem that
needs to be improved.

3) Due to the use of separate processing devices for the visual part, control part, and numerical
processing part of sensors, the communication between multiple processing mechanisms is not as
stable as that of a single mechanism. The next design direction is to minimize the number of
information processing units, which can greatly improve the stability of the system. For example, the
emerging edge computing controller with PLC function in the market is used to control the
manipulator.

4) In terms of visual recognition: This study only focused on images in two-dimensional space, and
only applied monocular vision in visual processing. The next research direction is to use multi vision
to achieve three-dimensional spatial localization. The study in the future is to investigate real-time
tracking algorithms to shorten localization time for static recognition after image acquisition. During
the image acquisition process, it is necessary to conduct anti-interference experiments on the cutting
path algorithm and further optimize it to meet the requirements of rail sleeper positioning in
multiple interference backgrounds.

5) Due to the impact of vibration on control accuracy, the superiority of sliding mode control is
difficult to truly exert in factory environments. The next step of research can start with mechanical
design optimization. For example, the base of the robotic arm can be designed to maintain a very
stable plane. Or from a control perspective, incorporating environmental vibrations to create more
accurate mathematical models.

5. Conclusion

This article develops a dual robot and its control system for cutting steel bars in railway sleepers.
Innovatively introducing a dual loop competition control mechanism in the servo system, a control
model combining sliding mode control and feedforward compensation PID was created. It has been
verified through multiple experiments and testing data that it can meet the requirements of various
types of rail sleeper steel bar cutting tasks. The design of its control model, follow-up structure, and
visual system has improved cutting accuracy, while also reducing labor costs and operational risks, in
line with the intelligent development direction of modern manufacturing.

Patent

There is a patent named “A laser cutting robot for railway sleepers and its control method” resulting
from the work reported in this manuscript.
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