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Abstract: Cold orbital forging (COF) as an advanced incremental metal-forming technology has
been widely used in processing vehicle parts. During the COF process, the vibration on the COF
machine injures the service life of the machine and the quality of the forged part. The study of the
vibration control of the COF machine is therefore necessary. In this study, the dynamic model of
the COF machine is established, and the vibration performances of some key positions are obtained
using Matlab&Simulink software. Subsequently, the vibration performances are effectively verified

by conducting a vibration test experiment. Based on the dynamics model of the COF machine and
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updates Matlab&Simulink software, least-mean-squares (LMS), recursive least-squares (RLS) and OCTAVE
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mances of the COF machine, these vibration-control algorithms are useful for reducing the vibration
of the machine, which improves the service life of the machine and the quality of the forged part.
Based on the vibration performances of the COF machine, the effects of LMS and RLS vibration con-
trols are better than the OCTAVE, and they also obviously reduce the vibration of the COF machine.
The vibration-control algorithms are first to be applied to reduce the vibration of the COF machines
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in this study, which will be beneficial to future research on the vibration controls of metal-forming
machines and other mechanical systems.
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with regard to jurisdictional claims in Due to the advantages of the low forming force, the high flowing capability of metal,

and the high loading state of dies, cold orbital forging (COF) is generally used to process
many vehicle parts [1,2]. During the processing of these parts, the vibration on the COF
machine severely injures the service life of the machine and the quality of the part. Therefore,
it is necessary to conduct a study on the vibration control of the COF machine.

The COF machine is a type of metal-forming machine. These days, many researchers
are conducting studies on the vibration controls of some other metal-forming machines.
Regarding the cold-rolling machine, Xu et al. [3] analyzed the influence of the unsteady
lubrication mechanism in the roll gap on the rolling stability and optimized the lubrication
condition to realize the vibration control of the cold-rolling machine. Wang et al. [4]
Attribution (CC BY) license (https://  applied the fuzzy neural network to realize the torsional vibration control of the tandem
creativecommons.org/licenses /by / cold-rolling machine spindles. Liu et al. [5] set an alarm judgment system to prevent the
40/). vibration of the cold-rolling machine from exceeding the limited value. Kim et al. [6,7]
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revealed that a small rolling force, the small rotation speed of the driving roll, and a small
chatter frequency were conducive to controlling the vibration of the cold-rolling machine.
Regarding the milling machine, Paul et al. [8] applied a magnetorheological fluid damper
as a viscoelastic spring with nonlinear vibration characteristics to control tool vibration
during end milling. Rashid et al. [9] designed the optimized viscoelastic dampers for the
vibration control in milling. Nagaya et al. [10] conducted the micro-vibration control of
a milling machine using an auto tuning absorber for anti-resonance. Regarding the press
machine, Liu et al. [11] established an active vibration control system to reduce the vibration
of a high-speed fine-blanking press. The above studies have good effects on the vibration
control of metal-forming machines. However, relative to these metal-forming machines,
the vibration mechanism of the COF machine is distinctive. Therefore, the vibration-control
methods of these machines are not appropriate for the COF machine. In addition, there are
some studies on other useful vibration-control strategies. Richiedei et al. [12,13] proposed
a novel method for antiresonance assignment through active control and conducted an
experiment to validate the effectiveness of this method. Francisco et al. [14,15] proposed a
new output feedback dynamic tracking control scheme for multiple and variable excitation
frequency vibration suppression in mechanical systems. Based on the field measurements
on a 600-m-tall skyscraper equipped with an active tuned mass damper (ATMD) system,
Zhou et al. [16] investigated the control performance of the world’s largest ATMD system to
suppress the building vibrations. These vibration-control strategies are effective at reducing
the vibration in some mechanical and building systems. However, these vibration-control
strategies are complicated and cost much time.

Regarding the vibration control of the COF machine, Hua et al. [17] revealed that a
larger equivalent stiffness and a larger equivalent damping between the swing shaft and
bearing, a smaller amplitude and a smaller frequency of the external excitation contributed
to the reduction of the vibration of COF machines. Gu et al. [18] designed an absorber on the
swing shaft for reducing the vibration of COF machines. The above two studies are helpful
to reduce the vibration of COF machines, but the reduction of the vibration is not prominent.
LMS, RLS and OCTAVE vibration-control algorithms are three practical vibration-control
algorithms for the mechanical system. The vibration reduction effects of these algorithms
are significant, and the realizations are convenient. In this study, the dynamics model of
the COF machine is established, and the vibration performances of some key positions
are obtained using Matlab&Simulink software. Based on the dynamics model of the
COF machine and Matlab&Simulink software, LMS, RLS and OCTAVE vibration-control
algorithms are applied to reduce the vibration. Comparing the vibration performances of
the COF machine, these vibration-control algorithms are useful for reducing the vibration
of the machine, which improves the service life of the machine and the quality of the
forged part. Moreover, these vibration-control strategies are convenient and cost less time.
This study is conducive to the future research on the vibration controls of metal-forming
machines and other mechanical systems.

2. Dynamics Analyses of the COF Machine

The structure of a T630 COF machine is shown in Figure 1, and the dynamics model is
shown in Figure 2.

Based on the generalized dissipation Lagrange principle and dynamics model of the
T630 COF machine, the dynamics equation of the T630 COF machine is obtained as follows:

mix1 +c1x13 +kix;z =P+ T
maXy + c2X23 + koxp3 = —P (1)
M3X3 + C3X3 + CoX30 + ¢1X31 + k3x3 + kpx3p + kix3p =0

where m, is the mass of the swing shaft (kg), m, is the total mass of the lower die and
lower table (kg), mj3 is the mass of the frame (kg), x13 is the relative vertical displacement
of the swing shaft with respect to the frame (m), x,3 is the relative vertical displacement
of the lower die with respect to the frame (m), x3; is the relative vertical displacement of
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the frame with respect to the lower die (m), x3; is the relative vertical displacement of the
frame with respect to the swing shaft (m), P is the COF force (N), T is the vertical external
excitation on the swing shalft, k; is the equivalent stiffness between the swing shaft and
swing shaft bearing (N/m), c; is the equivalent damping between the swing shaft and
swing shaft bearing (N-S/m), k; is the equivalent stiffness between the lower table and
frame (N/m), c; is the equivalent damping between the lower table and frame (N-5/m), k3
is the equivalent stiffness between the frame and foundation (N/m) and c3 is the equivalent
damping between the frame and foundation (N-S/m).

Swing shaft bearing
(inside)
Swing shaft

Lower die

Frame

Foundation

Figure 1. The structure of a T630 COF machine.
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Figure 2. The dynamics model of a T630 COF machine.
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According to the kinematics relationship, x13, x23, X3 and x31 can be obtained as follows:

mix1 +c1x13 +kix;z =P+ T
maXo + caXo3 + koxo3 = —P ()
mzX3 + C3X3 + CaX3 + ¢1X31 + k3x3 + koxzp + kixz; =0

where x; is the vertical displacement of the swing shaft (m), x; is the vertical displacement
of the lower die (m) and x3 is the vertical displacement of the frame (m).

Introducing Equation (2) into Equation (1), the dynamics equation of the T630 COF
machine can be presented as Equation (3):

myx1 + ¢ (561 — 5C3) +k1(x1 — x3) =P+T
mzfz +c2 (XZ — X3> + kg(Xz — Xg? = —.P 3)
msx3 + €3X3 +C2(X3 — xz) +c1 (X3 — xl) +kzxs +kp(x3 —xp) +ki(x3—x1) =0

Based on the former study [12], P can be obtained by parameters of the COF machine,
and T can be obtained by the measurement (T = 81,267sin(27t X 4t)). The parameters of the
COF machine (and the relevant parameters in Equation (3)) are shown in Table 1.

Table 1. The parameters of a T630 COF machine.

Parameter Value
Mass of swing shaft (1, kg) 689.1356
Total mass of lower die and lower table (1,, kg) 887.3640
Mass of frame (m3, kg) 11,000
Equivalent stiffness (k;, N/m) 9.763 x 107
Equivalent stiffness (kp, N/m) 1.341 x 108
Equivalent stiffness (k3, N/m) 4.703 x 107
Equivalent damping (¢, N-5/m) 1.073 x 10*
Equivalent damping (c;, N-S/m) 2.257 x 10*
Equivalent damping (c3, N-S/m) 6.092 x 103

Based on the parameters of the COF machine, Matlab&Simulink software (MATLAB
2020b) is used to solve the dynamics equation, and the dynamics Simulink model is
established in Figure 3.

Based on the oscilloscope results in the dynamics Simulink model, vertical accel-
erations of the swing shaft, the lower die and the frame are obtained in Figure 4. The
amplitudes of these accelerations are 1.97 m/ s2,0.82m/s? and 0.12 m/s?, respectively. The
swing shaft contacts the product directly, and the vibration on the swing shaft is fierce,
which is detrimental to the quality of the product. The vibration controls of the COF
machine are proposed in the later section.

To verify the effectiveness of oscilloscope results, an acceleration test experiment of
the COF machine is conducted, and the experiment instruments are shown in Figure 5.

The experimental acceleration of the test point (swing shaft) is presented in Figure 6.
The amplitude of the experimental acceleration of the swing shaft is 1.99 m/s?, which is close
to the above oscilloscope result (1.97 m/s?). The oscilloscope result is effectively verified.
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Figure 3. The dynamics Simulink model of a T630 COF machine.
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Figure 4. The vertical accelerations of the swing shaft (a), the lower die (b) and the frame (c).
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Figure 5. The acceleration test experiment.
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Figure 6. The experimental acceleration of the test point.

3. Vibration Controls of the COF Machine

LMS, RLS and OCTAVE vibration-control algorithms are three kinds of practical
vibration-control algorithms. Applications of these algorithms in the vibration controls of
the COF machine are conducted in this section, and Matlab&Simulink software is used
to realize these algorithms. Matlab&Simulink software is a multi-domain simulation and
model-based design tool for dynamic and embedded systems. This software provides an
interactive graphical environment and a library of customizable modules for the design,
simulation, execution and testing of various time-varying systems, including communica-
tion, control, signal-processing, video-processing and image-processing systems.

3.1. LMS Vibration Control of the COF Machine

The least-mean-squares (LMS) algorithm realizes the update of the weight parameters
of the adaptive filter through the criterion of least mean square error. It involves a recursive
approach to the Wiener solution of the Wiener filter with the help of the idea of the fastest
descent, to avoid the inverse operation of the input signal autocorrelation matrix, and only
the prior information of the signal is transmitted, namely, the training sequence. Based
on the criterion of least mean square error, the weight coefficients of the filter are updated
until convergence to compensate for the linear damage of the signal in the channel. The
dynamics Simulink model using LMS vibration control is established in Figure 7. Figure 7
adds the LMS vibration-control algorithm module on the basis of Figure 3.

> I I
1 Output
— In1 Out1 —& > Input
LMS Error » [ ]
Vibration Model = Wis
P Desired Error i
‘ ﬂ Wts :
| | LMS Filter
Random 7| » [ l
Source Scopeld
Output

Figure 7. The dynamics Simulink model using LMS vibration control.
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Based on oscilloscope results in the dynamics Simulink model, vertical accelerations
of the swing shaft, the lower die and the frame are obtained in Figure 8. The amplitudes of
these accelerations tend to be 0 m/s?. The LMS vibration control is significantly beneficial
to reducing the vibration of the COF machine.

1.5 2 2.5 3 35 4 4.5 5 5. 6
Time (s)
(a)

1.5 2 2.5 3 3.5 4 4.5 5 . 6
Time (s)
(b)

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Time (s)

(c)
Figure 8. The vertical accelerations of the swing shaft (a), the lower die (b) and the frame (c).

3.2. RLS Vibration Control of the COF Machine

The recursive least-squares (RLS) algorithm, also known as the least square method, is
a fast algorithm of the least square algorithm. The recursive least squares adaptive filter is
an optimal filter for a set of known data. It is a purely deterministic minimization problem
without making assumptions about the statistical characteristics of the input sequence.
Compared with the LMS adaptive transverse filter, it has better performance. The dynamics
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Simulink model using the RLS vibration control is established in Figure 9. Figure 9 adds
the RLS vibration-control algorithm module on the basis of Figure 3.
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P
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: - p Output
Vibration Model P Input
|: I:] RLS Error :I

i Desired

Wits

Error [—1
P
| Output

CJbws

v :
]

Random

Source —> [:]

Scope3d

RLS Filter

Figure 9. The dynamics Simulink model using the RLS vibration control.

Based on the oscilloscope results in the dynamics Simulink model, the vertical acceler-
ations of the swing shaft, the lower die and the frame are obtained in Figure 10. Similar to
the oscilloscope results in the dynamics Simulink model using the LMS vibration control,
the amplitudes of these accelerations also tend to be 0 m/s?. The RLS vibration control is
also distinctly conducive to reducing the vibration of the COF machine.
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nhph Wi~ o

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Time (s)
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Figure 10. Cont.
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Figure 10. The vertical accelerations of the swing shaft (a), the lower die (b) and the frame (c).

3.3. OCTAVE Vibration Control of the COF Machine

OCTAVE is another useful vibration-control algorithm, which is good at solving linear
and nonlinear numerical problems. The dynamics Simulink model using the OCTAVE
vibration control is established in Figure 11. Figure 11 adds the OCTAVE vibration-control
algorithm module on the basis of Figure 3.

|

Scopeb — P [:l

Scopel1

> Octave

—» In1 Out1

QOctave Filter

Vibration Model

Figure 11. The dynamics Simulink model using the OCTAVE vibration control.

Based on oscilloscope results in the dynamics Simulink model, the vertical accelera-
tions of the swing shaft, the lower die and the frame are obtained in Figure 12. Though the
amplitudes of these accelerations are higher than the other two kinds of vibration-control
algorithms, the amplitudes are still obviously lower than the condition without the vibra-
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tion control. The OCTAVE vibration control is also useful to lower the vibration of the
COF machine.
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Figure 12. The vertical accelerations of the swing shaft (a), the lower die (b) and the frame (c).

The realization of the vibration-control algorithms: the operational control of the
COF machine system is carried out by the communication between the HMI touch screen
and the PLC controller. The PLC controller generates corresponding communication
signals according to the parameters set by the touch screen and transmits them to the
proportional servo valve, linking the PLC controllers of the computer and the COF machine
and importing the vibration-control algorithms into the PLC controller of the computer.
After that, the PLC controller of the COF machine is imported into the vibration-control
algorithms. Ultimately, the operation of the COF machine is affected by the vibration-
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control algorithms. The vibration-control algorithms are realized, and the vibration of the
COF machine is reduced.

4. Conclusions

In this study, the dynamics model of the COF machine is established, and the vibra-
tion performances of some key positions are obtained using Matlab&Simulink software.
Subsequently, the vibration performances are effectively verified by conducting a vibration
test experiment. Based on the dynamics model of the COF machine and Matlab&Simulink
software, LMS, RLS and OCTAVE vibration-control algorithms are applied to reduce the
vibration. The conclusions are as follows:

(1) The vibration on the swing shaft severely affects the quality of the forged part because
the swing shaft directly contacts the part and the vibration on the swing shaft is fiercer
than the other positions.

(2) The vibration amplitudes of the swing shaft applying LMS and RLS vibration controls
are close to zero m/s?, and the effects of these two kinds of vibration controls are
good.

(3) The effect of the OCTAVE vibration control is worse than the LMS and RLS, but it still
obviously reduces the vibration of the COF machine.
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