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Abstract: Aiming to achieve resonance suppression of a controllable mechanism welding robot
end using dynamic modeling and experimental verification, this paper applies a central composite
design methodology to optimize suppression resonance using three variables: excitation source, rod
stiffness and damping. Considering the coupling effects of the excitation source, member stiffness
and damping, a combination optimization is carried out, and the optimal control result of the end is
obtained, for which the optimized peak amplitudes are significantly reduced. The research provides
an important technical basis for the dynamic design and resonance suppression control of controllable
welding robot mechanisms.

Keywords: suppression resonance; welding robot; central composite design methodology;
combination optimization

1. Introduction

Welding is an essential part of manufacturing industry, and welding robots are widely
used to decrease costs, improve quality and increase productivity in which quality is one of
the most important considerations in the welding process [1-4]. In the process of operation,
vibration inevitably occurs in the welding robot system due to multi-source excitation such
as the motor drive and welding gun impact vibration. The vibration level of the welding
robot directly affects the welding quality [5], and the suppression of resonance has become
an important research direction [6-8]. Therefore, controlling the suppression resonance is
an important consideration in the design and development of welding robots [9,10]. During
the working process of welding robots, several motors are often required to operate at the
same time to realize the complex trajectory of the welding. As the driving source of motion,
the motor at the joint mechanism is also an excitation source for system vibration. The
posture change of the robot mechanism during welding leads to a dynamic change of the
modal performance. The dynamic mode is more likely to cause mode resonance under the
action of multi-source excitation, which seriously affects the welding accuracy at the end of
the gun. Therefore, the vibration optimization of the mechanism or structure is the basis
for achieving high-performance work goals in the machine system, i.e., the moment of
the motor, stiffness and damping of the mechanism are important inherent characteristics
of the robot system which become important parameters in the influence of vibration on
welding accuracy. Scholars pay greater attention to the study of vibration optimization
control of traditional structures [11-13]. However, due to the complex excitation sources
and changing motion posture, the vibration optimization control of controllable mechanism
of welding robots requires relatively little calculation or few test groups to establish a
model closer to the actual situation. The response surface method enables parameter
optimization [14-21].

Central composite design (CCD) methodology is a well-adapted statistical test design
method. The principle is to create a surface model of continuous variables by searching
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for quantitative rules between test indexes and various factors. Built on the evaluation of
the factors and their interaction, the optimal level range of each factor is found, and the
number of calculations or test groups is relatively small. Because of the complex multi-
dimensional surface, it is more faithful to the actual situation, and can be used extensively
to solve complex problems such as the optimal proportion of materials and multi-factor
optimization [22,23]. At present, a small number of scholars have applied this method in the
field of mechanical formula design [24,25]. The central composite design methodology itself
is based on parameter optimization, which means it has broad application prospects in the
suppression resonance parameter optimization of controllable mechanism welding robots.

2. Optimization Design Method
2.1. Dynamic Modeling and Validation

The object of this paper is a controllable mechanism welding robot, and the prototype
and model of the controllable mechanism welding robot are shown in Figure 1.

Figure 1. The prototype and model of the controllable mechanism welding robot.

To verify the feasibility of the vibration optimization of the response surface method
at the end of the controllable mechanism welding robot, the simulation model was verified
by a modal test.

The test system includes a welding robot test stand, an attitude control system, an
excitation system, a spectrum acquisition system and a modal analysis system. A single
point excitation multi-point response test scheme is utilized. The validation scheme takes
the mechanism part of the welding robot as the object and controls the system to the
welding posture. The force hammer (LMS 086c03) collects the excitation signal and the PCB
acceleration three-way sensor (ICP 365A25 series) collects the acceleration signal at several
measuring points. The excitation signal and vibration acceleration signal obtained by the
LMS test system are used to analyze the transfer function between the excitation point and
the measuring point. Finally, the modal information of the tested structure is extracted in
Poly Max and verified with the simulation mode in this study. The experimental site and
scheme are shown in Figure 2.

A comparison of the first seven natural frequencies between the simulation and tests
is shown in Table 1.

Taking the vibration mode diagram of the first four modes in Table 1 as an example,
the modal vibration mode diagrams for the simulation analyses and tests are shown in
Figures 3-6, respectively.

Table 1 shows that the error rate between the simulated and tested modal frequencies
is within 10%. Figures 3—6 indicate that the simulated mode shapes are similar to the
tested modes. These results show that the modal simulation and tests of the controllable
mechanism welding robot have high consistency, which verifies the correctness of the
simulation model and lays a reliable foundation for further vibration optimization research.
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Figure 2. Experimental system for verification.

Table 1. Comparison of the first seven natural frequencies between the simulations and tests.

Order Simulation Result (Hz) Experimental Result (Hz) Error Rate
1 10.27 9.415 9.081%
2 15917 16.504 3.557%
3 18.162 17.376 4.523%
4 37.23 37.105 0.337%
5 46.456 42.683 8.840%
6 54.059 52.658 2.661%
7 80.016 83.801 4.517%
Ist order: 10.27 Hz view: XZ Phase: 90° Ist order: 9.415 Hz view: YZ Phase: 90°

.

view: YZ Phase: 270°

Figure 3. (a) First-order simulation mode diagram; (b) First-order test mode diagram.

2nd order: 15917 Hz view: YZ Phase: 90° 2nd order: 16.504 Hz view: XZ Phase: 90°

Figure 4. Cont.
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2nd order: 15917 Hz view: YZ Phase: 270° 2nd order: 16.504 Hz view: XZ Phase: 270°
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Figure 4. (a) Second-order simulation mode diagram; (b) Second-order test mode diagram.

3rd order: 18.162 Hz view: YZ Phase: 120° 3rd order: 17.376 Hz view: XZ Phase: 120°
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Figure 5. (a) Third-order simulation mode diagram; (b) Third-order test mode diagram.
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Figure 6. (a) Fourth-order simulation mode diagram; (b) Fourth-order test mode diagram.
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2.2. Central Composite Design Methodology for Vibration Optimization

To determine the interaction between the vibration factors caused by the controllable
mechanism welding robot and to study the comprehensive effect of each factor on the
dynamic performance of the controllable mechanism welding robot, the CCD method is
used to optimize the welding accuracy of the welding torch at the end of the controllable
mechanism welding robot. The CCD and BBD depicted in Figure 7 show that many points
of the CCD method will exceed the original level, which enables the CCD method to better
fit the corresponding surface [15]. A surface model of the vibration response of each factor
and the welding torch at the end of controlled mechanism welding robot is established
by a design simulation test. The optimum target and the optimum ascending direction
are determined to solve the optimum parameters of the vibration attenuation target of the
welding end, so as to realize the vibration optimization of the welding end of the controlled
mechanism welding robot. The design steps of the CCD methodology of the end of the
controllable mechanism welding robot are as follows:

.
+1_T_ - ‘.
. & & °
@ ! []
.. J +1 ,’L ””” -
P4 ®
-1 3 = ®

Figure 7. Central composite design (CCD) and Box-Behnken design (BBD).

Step 1: Determine the experimental design method. At present, the most frequently
used experimental design methods are the CCD method and the Box-Behnken experimental
design (BBD) method. Compared with the Box-Behnken experimental design method, the
CCD method can better fit the corresponding surface, and it is more suitable for multi-factor
and multi-level experiments with continuous variables. Based on the assumption that there
are many factors involved in the vibration problem of the welding robot mechanism, the
CCD method was selected for the experimental design in this paper.

Step 2: Design the test data sheet and carry out simulation calculations. According to
the relationship diagram between the factors and sub-factors of the controllable mechanism
welding robot, the central composite design data table is designed, the vibration harmonic
response calculation of the actuator, and nonlinear data fitting are carried out. On this basis,
the surface equation under the data is obtained. The obtained surface equation is subjected
to error analysis to check the fitting effect and the feasibility of the equation.

Step 3: Parameter optimization design. Using Minitab software, the factors, sub-factors
intervals, and optimization target values are set at the front end, and the 3D model diagram
of the output under constraints is calculated and drawn, and the corresponding equations
and extreme values are obtained to complete the optimization of the test results.

Figure 8 shows the flow chart of the experimental design:
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Figure 8. General flow of experimental design.

2.3. Central Composite Design

2.3.1. Design of Excitation Source Size and Location

The distribution of the excitation sources of the controllable mechanism welding robot
prototype is shown in Figure 9.

Figure 9. The distribution of excitation sources.
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The positions of the excitation sources in the model are the positions of the five servo
motors. The torque of A and B near the bottom of the base is 2400 N-mm; the torque of
C near the connection between the rotating arm and the swing arm g is 1300 N-mm; the
torque of D at the connection between the swing arm g and the end g is 640 N-mm; and the
torque of E at the end g is 320 N-mm.

The design table of this test scheme consists of five factors and two levels (the five
factors are represented by Moment 1, Moment 2, Moment 3, Moment 4 and Moment 5,
respectively), and a group of 33 CCD experiments are designed. The data design table is
provided in Table 2.

Table 2. Center composite design experimental data design of excitation sources.

Moment (N-mm) Moment (N-mm)
Order Order

2 3 4 5 1 2 3 4 5
1 2200 2600 1100 620 300 18 2400 2000 900 640 320
2 2200 2200 1100 620 340 19 2000 2000 1300 640 320
3 2200 2200 1100 660 300 20 2000 2400 900 600 280
4 1800 2200 1100 620 300 21 2000 2400 1300 640 280
5 2200 2200 1100 580 300 22 2200 2200 1100 620 300
6 2600 2200 1100 620 300 23 2400 2400 900 640 280
7 2200 2200 1100 620 260 24 2000 2400 1300 600 320
8 2200 2200 700 620 300 25 2000 2400 900 640 320
9 2200 2200 1500 620 300 26 2400 2400 1300 600 280
10 2200 1800 1100 620 300 27 2200 2200 1100 620 300
11 2200 2200 1100 620 300 28 2200 2200 1100 620 300
12 2000 2000 1300 600 280 29 2000 2000 900 640 280
13 2400 2000 1300 640 280 30 2400 2400 900 600 320
14 2200 2200 1100 620 300 31 2200 2200 1100 620 300
15 2400 2000 900 600 280 32 2000 2000 900 600 320
16 2200 2200 1100 620 300 33 2400 2400 1300 640 320
17 2400 2000 1300 600 320

Using the design table, we can know the torque of the five excitation sources in each
simulation test, set the torque parameters in the prototype simulation model in turn, and
analyze the harmonic response.

2.3.2. Design of Bar Thickness

The components of the controllable mechanism welding robot studied are shown in
Figure 10.

The harmonic response analysis of the prototype model shows that the bar thickness
change has a significant impact on the amplitude value of the execution end, which connects
rod 2, the swing arm g and end g. Therefore, the optimization design is carried out based
on three factors: connecting rod 2, swing arm g and end g. The experimental design table
adopts three factors and two levels (the three factors are represented by connecting rod 2,
swing arm g and end g, respectively), and a group of 20 CCD experiments are designed.
The data design table is shown in Table 3.

According to the 20 groups of experimental design schemes in Table 3, the thicknesses
of connecting rod 2, swing arm g and end g are adjusted in the model while the other struc-
tural parameters are kept unchanged. The harmonic response analysis is then conducted
for each design.
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Connecting rod 2

Driving rod 1

Figure 10. Series-parallel controllable mechanism welding robot component names.

Table 3. Center composite design experimental data design table of bar thickness.

Connecting Swing Arm Connecting Swing Arm

Order Rod 2 (mm) g (mm) End g (mm) Order Rod 2 (mm) g (mm) End g (mm)
1 14 9 10.633 11 12 8 8
2 14 9 9 12 12 8 10
3 14 7.367 9 13 12 9 9
4 14 9 7.367 14 14 9 9
5 14 9 9 15 16 10 10
6 17.266 9 9 16 12 10 10
7 14 10.633 9 17 14 9 9
8 10.735 9 9 18 14 8 10
9 12 10 8 19 16 8 8
10 16 10 8 20 14 9 9

2.3.3. Design of Damping

The harmonic response analysis of the prototype simulation model shows that the
driving rod 1, connecting rod 1 and end g are the most sensitive to damping. Therefore, the
optimization design is carried out based on the three factors of the driving rod 1, connecting
rod 1 and the end g. The test design table adopts three factors and two levels (the three
factors are represented by driving rod 1, connecting rod 1 and end g respectively), as shown
in Table 4. A CCD test with a total of 20 tests was performed.

Table 4. Center composite design experimental data design table of damping values.

Order  Driving Rod 1 Connecting Rod 1 Endg Order  Driving Rod 1 Connecting Rod 1 Endg

1 0.0020 0.0260 0.0260 11 0.0113 0.0407 0.0407
2 0.0260 0.0020 0.0260 12 0.0113 0.0113 0.0113
3 0.0260 0.0260 0.0260 13 0.0407 0.0407 0.0113
4 0.0260 0.0260 0.0500 14 0.0113 0.0407 0.0113
5 0.0260 0.0260 0.0260 15 0.0407 0.0113 0.0407
6 0.0260 0.0500 0.0260 16 0.0260 0.0260 0.0260
7 0.0500 0.0260 0.0260 17 0.0407 0.0113 0.0113
8 0.0260 0.0260 0.0020 18 0.0260 0.0260 0.0260
9 0.0113 0.0113 0.0407 19 0.0260 0.0260 0.0260
10 0.0407 0.0407 0.0407 20 0.0260 0.0260 0.0260
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The damping value of each member of the original model of the prototype is treated
as undamped. According to the 20 groups of data in Table 4, the damping values of the
corresponding driving rod 1, connecting rod 1 and end g in the original model are set.
Under the condition that other steps remain unchanged, the amplitude frequency curve of
the end displacement value of the controllable mechanism welding robot can be obtained
by the simulation calculation.

3. Results and Discussion
3.1. Optimal Parameters for the Size and Position of the Excitation Source

The simulation calculation shows that the vibration displacement in the Y direction of
the execution end is the largest, and the maximum amplitude of the execution end of the
original model is 0.5838 mm. The results obtained with the settings in Table 1 show that the
maximum vibration amplitude of the execution end is found at 16 Hz. The corresponding
main effect diagrams and interaction diagrams are shown in Figures 11 and 12, respectively.
The main effects plot (Figure 11) compares the difference between the horizontal means
of the torque of the five motors. The horizontal coordinates are the variation level of each
motor’s torque, and the longitudinal coordinates are the differences of the response means.
The interaction plot (Figure 12) illustrates how the relationship between one moment and
the continuous response depends on the value of another moment. This figure shows
the horizontal mean of one torque on the x-axis and a separate line for each level of the
other torque.

Main Effects Plot for deformation (16HZ)
Data Means

Moment2 Moment3 Moment4 Moment>

e

2400 1800 2100 2400 800 1200 1600 600 630 66250 300 350

Figure 11. Main effect diagrams of maximum amplitude displacement at the end of a series-parallel
controllable mechanisms welding robot.

Figures 11 and 12 indicate that Moment 3 has the most significant influence on the
amplitude displacement value at the end of the controllable mechanism welding robot,
whereas Moment 1 and Moment 2 have no effect, and Moment 4 and Moment 5 have no
significant effect.

The optimization target of the amplitude displacement value of the execution end is set
to 0 mm, and solved using the response optimizer in Minitab. The resulting optimization
plot is shown in Figure 13.

The optimization graphic results in Figure 13 are provided in table form in Table 5.

Figure 13 and Table 5 show that when Moment 1 to Moment 5 are 2400 N-mm,
2400 N-mm, 1300 N-mm, 600 N-mm and 280 N-mm, respectively, the amplitude response
displacement of the end of the controllable mechanism welding robot is at a minimum.
Compared with the initial amplitude response displacement of 0.5838 mm, the amplitude
response displacement decreases by 51%.

The amplitude response curve of the execution end obtained after optimization is
shown in Figure 14.



Appl. Sci. 2022,12, 6352 10 of 19

Interaction Plot for deformation (16HZ)
Data Means

Moment1 * Moment2 Moment2

2 2000
2200

2400

Moment1 * Moment3 Moment2 * Moment3 Moment3

2 900
1100

1300

Moment1 * Moment4 Moment2 * Moment4 Moment3 * Momentd Moment4

2 600
620
640

Moment1 * Moment$ Moment2 * MomentS Moment3 * MomentS Moment4 * MomentS MomentS

2 280
300
320

1800 2100 2400 1800 2100 2400 900 1200 1500 600 630 660
Moment1 Moment2 Moment3 Moment4

Figure 12. Interaction diagrams of the maximum amplitude displacement at the end of a series-parallel
controllable mechanism welding robot (The sign * in the figure means the interaction of two factors).

Optimal Moment1 Moment2 Moment3 Moment4 Moment5
B DR High 2600.0 2600.0 1500.0 660.0 3400
o Cur [2400.0] [2400.0] [1300.0] [600.0] [280.0]
Predict  Low 1800.0 1800.0 700.0 580.0 260.0
deformat
goal: 0.0
y = 0.2880
d = 0.84777 ul
Figure 13. Response optimizer optimization diagram of excitation design.
Table 5. Response optimizer optimization results of excitation design.
Response Fitting Value Fitting Value Error 95% Confidence Interval 95% Prediction Interval
Deformation (16 Hz) 0.2880 0.0191 (0.2459, 0.3301) (0.2266, 0.3495)

Figure 14 reveals that when the excitation frequency is 16 Hz, the amplitude value
of the actuator end is the largest, which is close to the optimization result of the response
surface methodology of 0.2880 mm. The value is within the 95% confidence interval, which
means that the response surface methodology is effective for the vibration optimization of
the actuator end.

3.2. Optimal Parameters of Bar Thickness

The simulation calculation is carried out according to the 20 test schemes in Table 2.
The results show that the amplitude displacement value in the Y direction is the largest,
and the maximum harmonic response displacement value of the controllable mechanism
welding robot’s execution end occurs at different frequencies: 16 Hz, 18 Hz, 24 Hz, 25 Hz,
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Figure 14. Amplitude response curve of the terminal surface after excitation optimization.
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Figure 15. Main effect diagrams for the maximum amplitude displacement at the end of welding

robot: (a) 16 Hz;(b) 18 Hz; (c) 24 Hz; (d) 25 Hz; (e) 45 Hz.
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Figure 16. Interaction diagrams for the amplitude displacement at the end of the welding robot:
(a) 16 Hz; (b) 18 Hz; (c) 24 Hz; (d) 25 Hz; (e) 45 Hz. (The sign * in the figure means the interaction of
two factors).

Considering Figures 15 and 16, it can be seen that the thickness of the rod at the end g
has the greatest influence on the amplitude and displacement value of the execution end of
the welding robot, and the thickness of the rod at the connecting rod 2 and the swing arm g
have some influence on the amplitude and displacement of the execution end.

Taking the execution end amplitude displacement value of 0 mm as the optimization
target, the optimization is carried out through the response optimizer, and the optimization
result is shown in Figure 17.

The optimization results in Figure 17 are shown in Table 6.
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Optimal Connecting rod 2 Swing arm g End g
High 17.2660 10.6330 10.6330
Cur [16.0] [9.9951] [10.0]

Predict  Low 10.7340 7.3670 7.3670

D: 0.9028

deformat
Targ: 0.0
y = 0.0102
d = 0.89139

deformat
Targ: 0.0
y = 0.0876
d = 0.86051

deformat
Targ: 0.0
y = 0.0013
d = 0.99060

deformat
Targ: 0.0
y = 0.0155
d = 0.78972

deformat
Targ: 0.0
y = 0.0003
d = 0.99947

Figure 17. Optimization diagram of bar thickness design.

Table 6. Response optimizer optimization results of bar thickness design.

Response Fitting Value Fitting Value Error 95% Confidence Interval 95% Prediction Interval
Deformation (16 Hz) 0.0003 0.1220 (—0.2760, 0.2770) (—0.4350, 0.4360)
Deformation (18 Hz) 0.0155 0.0147 (—0.0177, 0.0487) (—0.0367, 0.0677)
Deformation (24 Hz) 0.0013 0.0139 (—0.0303, 0.0328) (—0.0483, 0.0509)
Deformation (25 Hz) 0.0876 0.1450 (—0.2410, 0.4160) (—0.4290, 0.6040)
Deformation (45 Hz) 0.0102 0.0133 (—0.0200, 0.0404) (—0.0373, 0.0578)

As depicted in Figure 17 and Table 6, the target of the amplitude displacement at the
end of welding execution is 0 mm at 16 Hz, 18 Hz, 24 Hz, 25 Hz and 45 Hz. The optimal
result is achieved when the thicknesses of the connecting rod 2, swing arm g and end g
are 16.0 mm, 9.9951 mm and 10 mm, respectively, and the end displacement value of the
controllable mechanism welding robot is the target value. The displacement values at 16 Hz,
18 Hz, 24 Hz, 25 Hz and 45 Hz are 0.0003 mm, 0.0155 mm, 0.0013 mm, 0.0876 mm, and
0.0102 mm, respectively. Compared with the initial amplitude response displacement, the
displacement is 0.0150 mm, 0.0041 mm, 0.0336 mm, 0.0302 mm, and 0.0942 mm, respectively.
After optimization, the amplitude response displacement decreases by 98%, 74%, 96%, 66%,
and 89%, respectively.
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The amplitude response curve of the execution end obtained after optimization is
shown in Figure 18.

0.16

0.0006

0.0002

0 1 1 1 1 1 1 1

16 20 24 28 32 36 40 4445
Frequency(Hz)

Amplitude(mm)
(=]
(=]
§

180 T T

0 . |
16 20 24 28 32 36 40 4445

Frequency(Hz)

Phase Angle

Figure 18. Amplitude response curve of the terminal surface after the optimization of the bar thickness.

The results in Figure 18 illustrate that when the excitation frequency is 25 Hz, the
amplitude value of the execution end is the largest at 0.0922 mm. In Table 5, the response
amplitude at 25 Hz based on the response optimization solver is 0.0876 mm. The optimized
simulation calculation results are within the confidence interval of the optimization solver’s
solution results, so the optimization results are reasonable and accurate.

3.3. Optimal Parameters of Member Damping

The damping value of each member of the original model is treated as undamped.
The damping values of driving rod 1, connecting rod 1 and end g in the original model
are set according to the 20 groups of data in Table 3. Under the condition that other
steps remain unchanged, the amplitude frequency curve of the displacement value of the
controllable mechanism welding robot end can be obtained by the simulation calculation.
The simulation results demonstrate that the vibration amplitude in the Y direction is the
largest. The maximum vibration displacement amplitude of the end harmonic response of
the controllable mechanism welding robot actuator occurs at two frequencies: 16 Hz and
25 Hz. The corresponding main effect diagrams and interaction diagrams are shown in
Figures 19 and 20, respectively.

Main Effects Plot for deformation(16HZ) Main Effects Plot for deformation (18HZ)
Data Means Data Means
Connecting rod 2 Swing arm g Endg 006 Connecting rod 2 Swing arm g Endg
020 . \ ; A 008
0.04
015
c 0.03
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0.10 E
0.01
-0.01
0.00
-0.02
12 14 16 8 9 10 8 9 10 12 14 16 8 9 10 8 9 10
(a) (b)

Figure 19. The main effect diagrams of the maximum displacement at the end: (a) 16 Hz; (b) 18 Hz.
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Interaction Plot for deformation (16HZ) Interaction Plot for deformation (25HZ)
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Figure 20. Interaction diagrams of the amplitude displacement at the end of the welding robot:
(a) 16 Hz; (b) 18 Hz. (The sign * in the figure means the interaction of two factors).

As seen in Figures 19 and 20, the damping value of driving rod 1 has the greatest impact
on the end displacement value of the controllable mechanism welding robot, whereas the
damping value of connecting rod 1 and end G has some impact on the end amplitude
displacement value of the actuator.

Taking the end amplitude displacement value of the controllable mechanism welding
robot 0 mm as the optimization target, the optimization results are shown in Figure 21.

Optimal Driving rod 1 Connecting rod 1 End g
: High 0.050 0.050 0.050
D:08549 o [0.0161] [0.050] [0.0020]
Predict  Low 0.0020 0.0020 0.0020

/

deformat

Targ:; 0.0
y =0.0169
d =0.80424

deformat

Targ: 0.0
y = 0.0147
d = 0.90873

Figure 21. Optimization diagram of member damping design.

The results shown in Figure 21 are detailed in Table 7.

Table 7. Response optimizer optimization results of member damping design.

Response Fitting Value Fitting Value Error 95% Confidence Interval 95% Prediction Interval
Deformation (16 Hz) 0.0147 0.0433 (—0.0833, 0.1127) (—0.1025, 0.1319)
Deformation (25 Hz) 0.0169 0.0164 (—0.0203, 0.0541) (—0.0276, 0.0614)

The results presented in Figure 21 and Table 7 indicate that if the target end displace-
ment of the actuator of the studied welding robot prototype is 0 mm at 16 Hz and 25 Hz,
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the optimal result is obtained when the damping values of driving rod 1, connecting rod
1 and end g are 0.0161, 0.050 and 0.0020, respectively, and the vibration displacement
amplitudes of the actuator end are 0.0147 mm and 0.0169 mm, respectively. Compared
with the initial amplitude response displacement, the displacement is 0.1615 mm and
0.0309 mm, respectively. The amplitude response displacement is reduced by 91% and 45%,
respectively, after optimization.

The optimized parameters are substituted into the simulation model for calculation, and
the maximum displacement amplitude of the actuator end at 16 Hz frequency is 0.018 mm,
which is consistent with the optimization result of the response optimization solver.

3.4. Optimal Parameters Considering the Excitation Source, Rod Thickness and Damping

As mentioned in Sections 3.1-3.3, the three factors of excitation source, Moment 3, the
thickness of end g bar and the damping value of driving rod 1 have the greatest influence on
the end displacement amplitude. Therefore, when comprehensively exploring the optimal
design of the excitation source, rod thickness and damping value on the end vibration of
the welding robot actuator, these three factors are used in the central composite design for
optimal design.

This test adopts three factors and two levels (the three factors are Moment 3, end
g thickness and damping value of driving rod 1, respectively), and a set of 20 central
composite design (CCD) tests are performed. The resulting data are shown in Table 8.

Table 8. Synthesis center composite design test data design table.

Order Moment 3 Thickness of Damping Value of Order Moment 3 Thickness of Damping Value of
(N-mm) End g (mm) Driving Rod 1 (N-mm) End g (mm) Driving Rod 1
1 1300 8 0.0500 11 1100 9 0.0260
2 1300 8 0.0020 12 1100 9 0.0260
3 900 10 0.0500 13 1100 10.633 0.0260
4 900 10 0.0020 14 773.4 9 0.0260
5 1100 9 0.0260 15 1100 9 0.0260
6 1100 9 0.0260 16 1100 9 0.0652
7 1300 10 0.0020 17 1100 9 0.0260
8 900 8 0.0500 18 1100 7.367 0.0260
9 900 8 0.0020 19 1426.6 9 0.0260
10 1300 10 0.0500 20 1100 9 0.0260

The maximum end harmonic response displacement amplitude of the actuator of
the controllable mechanism welding robot occurs at multiple frequencies of 16 Hz, 18 Hz,
25 Hz and 43 Hz. Taking the vibration end amplitude displacement value of 0 mm as the
optimization goal, the optimization results obtained through the response optimizer are
shown in Figure 22.

The optimization results of Figure 22 are detailed in Table 9.

As can be seen from Figure 22 and Table 9, when the target displacement amplitude of
the actuator end is 0 mm at 16 Hz, 18 Hz, 25 Hz and 43 Hz, the optimal result is achieved
when the values of Moment 3, swing arm g thickness and driving rod 1 damping are
1300 N-mm, 8.7735 mm and 0.050, respectively, the amplitude displacement value of the
actuator end reaches the optimal value, and the displacement values at 16 Hz, 18 Hz, 25 Hz
and 43 Hz are 0.0879 mm, 0.01243 mm, 0.0983 mm and 0.0000 mm, respectively.

The displacement amplitude response curve of the execution end obtained after
optimization is shown in Figure 23.

As shown in Figure 23, when the excitation frequency is 25 Hz, the amplitude of the
execution end is the largest with a value of 0.0744 mm.
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Figure 22. Optimization diagrams of coupling effects design.

Table 9. Optimization graph results of coupling effects design.

Response Fitting Value Fitting Value Error 95% Confidence Interval 95% Prediction Interval
Deformation (16 Hz) 0.0879 0.0257 (0.0297, 0.1461) (—0.0227, 0.1985)
Deformation (18 Hz) 0.0124 0.0078 (—0.00518, 0.03004) (—0.02103, 0.04588)
Deformation (25 Hz) 0.0983 0.0244 (0.0430, 0.1535) (—0.0067, 0.2032)
Deformation (43 Hz) 0.0000 0.0119 (—0.0270, 0.0270) (—0.0513, 0.0513)
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Figure 23. Amplitude response curve of the terminal surface after comprehensive optimization.
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4. Conclusions

In this paper, a simulation model is established for the structural characteristics of a
welding robot, and the correctness of the model is verified by the comparative analysis of a
modal test and simulation results. The suppression resonance of a controllable mechanism
welding robot end with a central composite design methodology is proposed. Considering
the position of multiple excitation sources, member thickness and damping, the end
vibration of the welding robot is optimized. In addition, the comparison of the end
vibration response results before and after optimization verifies the effectiveness of the
method proposed in this paper.
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