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Abstract: The article analyzes the characteristic features of the vibration cutting process with
ultrasonic frequency (UF), which is one of the most effective methods that reduces labor costs
and improves their quality and reliability during the mechanical processing of particularly
hard and brittle materials. To stabilize the amplitude and frequency, changing as a result of
changing the resonant frequency of the vibrator-concentrator-part (VCP) oscillatory system
during processing, linear and relay-type generators are proposed that operate on the basis
of excitation of the natural frequency of the mechanical vibration system VCP, and these
generators are modeled and synthesized using MATLAB/Simulink. With the development
of modern machinery and technology, new materials with improved mechanical properties
are created, on the basis of which critical parts are manufactured, where high accuracy,
quality, and reliability indicators are required. In the machining process, to stabilize the
amplitude and frequency, which change as a result of the change in the resonant frequency
of the vibrator-concentrator-part (VCP) oscillatory system, generators of the linear and relay
type are proposed, which work on the basis of the excitation of the own frequency of the
mechanical vibration system of the VCP. These generators are modeled and synthesized in
MATLAB/Simulink. The obtained mathematical models and curves of the transition process
show that, despite the change in the disturbing factor when the coefficient of friction is changed,
conservatism is ensured, as a result of which there is an opportunity to improve the quality of
surfaces machining of parts.

Keywords: vibration cutting process; ultrasonic frequency generator; oscillatory
system; natural frequency; simulation

1. Introduction

Today, great strides have been made in the technology of mechanical processing
of structural materials, and industrially produced metalworking machines have been
significantly improved and have the necessary productivity. Modern technology
for the mechanical processing of structural materials has achieved great success,
and industrially produced metalworking machines have reached a high level and
productivity, which allows them to successfully solve various problems posed by the
rapid process of technological development.

Advances in technology have led to the emergence of new materials whose
machining by traditional methods is difficult. These include, first and foremost,
high-hardness materials such as tungsten-containing and titanium carbide alloys,
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diamond, ruby, hardened steels, magnetic alloysmade from rare earth elements, thermal
corundum, and others. Grinding is the only traditional method used to process these
materials.

In conventional cutting, it is generally accepted that virtually all vibrational
phenomena are undesirable. In this case, cutting conditions are selected that prevent
vibrations from occurring.

During traditional mechanical processing and polishing with a grinding machine,
using special abrasive wheels, the grain size of which varies depending on the surface
of the part being processed and the specifics of the work.

To do this, the surface of the workpiece and the polishing wheels are wetted
with water. The wheels rotate at approximately 1,400 rpm. Friction causes the water
to evaporate due to the significant heating of the workpiece. The surface of the
workpiece is smoothed, eliminating any unevenness or roughness. At certain intervals,
the machine must be stopped and the surface of the part must be washed. If the surface
of a part needs to be processed to a mirror shine and the processing process needs to
be completed effectively, the grinding wheel with a felt attachment and the surface of
the part are wetted with water, after which finishing processing is performed. If the
workpiece is made of stone or metal, diamond paste applied to a special cloth can be
used for a very fine polish. The cloth is then carefully rubbed onto the surface of the
workpiece.

However, the development of technology and engineering has led to the creation
of newmaterials, the mechanical processing of which by traditional methods is difficult.
Since the reaction forces arising during traditional mechanical processing of these
materials are relatively large, losses in drives increase and the efficiency of the engine
decreases.

In many cases, materials that cannot be processed by these traditional methods
determine the development of technology, and for this reason, the efficient processing
of these parts is a very important and pressing issue.

Problems of processing brittle and particularly hard materials were solved
theoretically and practically using special processing methods.

Among them are additive manufacturing, electrical discharge, electron beam,
ultrasonic, etc. [1–5].

1.1. Additive manufacturing
In 1980, the first component was manufactured using Additive Manufacturing

(AM) by depositing material. The deposition was computer-controlled. Additive
manufacturing (AM) is used to create a variety of complex geometric shapes and
lightweight structures with minimal material loss. The application range of AM is vast,
from household and sustainable products to automotive and aerospace components.
Recently, AMofmetals has been developing inmanufacturing, requiring in-depth study
of raw material preparation methods, application areas, operating conditions, required
manufacturing precision, and permissible mechanical stress [6,7].

When using AM extrusion, parts are manufactured by controlling the melting and
extrusion of thermoplastic filament. Parts may contain void-like defects in certain
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locations. These defects negatively impact the structural quality and mechanical
properties of the manufactured parts. Under these conditions, the development of a
defect detection system with acceptable accuracy is required. There’s a system for
inspecting the structural quality of AM parts using an optical camera. This system has
been tested on a 3D printer. Defect information is generated layer-by-layer based on
the trained convolutional neural network. This verification system links the obtained
information on structural defects with a decision boundary, which was developed based
on the accumulation threshold and decision-making approach. The location and size of
defects are linked by layer [8].

1.2. Electrochemical polishing
Optimization of the surface quality of AM-based parts is necessary in those

industries that require high manufacturing precision. The geometry of parts that
are insensitive to liquids is well suited for chemical and electrochemical polishing.
For parts with a roughness of approximately 10 µm or greater, these methods have
limited effectiveness. For polishing parts such as AM pipelines, where chemical
and electrochemical polishing are ineffective, electrochemical-mechanical composite
polishing is used. The advantage of this method over traditional electrochemical
polishing is that it does not require anode hydrolysis, which occurs under the influence
of high overvoltage. There is also a method for quantitatively controlling the rate
of roughness removal from a material during electrochemical polishing using a solid
dielectric, where the impedance of the solid dielectric changes with the change in
roughness, which allows for dynamic control of the roughness removal from the
workpiece [9].

1.3. Electrical discharge machining

In high-tech mechanical engineering and precision manufacturing, non-traditional
machining methods, such as electrical discharge machining (EDM), are widely used.
This non-contact machining method is effective for machining nickel and titanium
alloys used in the automotive, oil and gas, and aerospace industries. The effectiveness
of these processes is assessed by factors such as the rate of roughness and unevenness
removal from the workpiece, machining time, dimensional accuracy, electrode wear,
surface quality, and much more [10].

To improve the acceptability of external and internal surfaces of additively
manufactured parts and individual components in industry, post-processing using
chemical reagents, lasers, and wire-based electrical discharge polishing (WEDP)
facilitates effective roughness removal. However, this can significantly deviate the
shape and tolerances of the processed part from the required values.

Research is conducted to evaluate the microstructure, residual stress behavior in
workpieces, and shape accuracy changes based on laser powder bed sintering (LPBF)
methods before and after wire electrical discharge machining (WEDM) [11].
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1.4. Electron beam melting (EBM)
Electron beam melting (EBM) is driving advances in additive manufacturing.

This is facilitated by the use of a vacuum chamber, as it increases the density of
the manufactured part. However, the surface roughness of the part is inferior to that
achieved with other powder sintering technologies. The Italian Aerospace Research
Center (CIRA) used EBM to produce a dense part with a uniform microstructure
using standard Ti6Al4V melting conditions in a vacuum chamber at 10−4 mbar. The
Ti6Al4V powder particle size ranged from 45 to 106 µm. The manufacturing process
involved elevated temperatures to ensure the correct microstructure and eliminate
residual stress in the components. Due to this factor, no heat treatment was performed
after manufacturing. To improve the surface quality of the manufactured part from
Ti6Al4V alloy, additional chemical treatment was carried out [12].

1.5. Laser machining
Compared with other methods of processing parts, laser polishing is superior

because the laser source indicators are more accurate, and the polishing process
parameters, such as scanning speed, laser power, track overlap, etc., are easily adjusted.
These properties are essential for polishing surfaces of parts with random textures after
AM. However, when processing internal surfaces and other hard-to-reach areas of parts,
the inaccessibility of the laser beam limits the widespread use of this method [12].

They are characterized by energy-intensive processes and high environmental
hazards.

To address the problem of machining super hard and brittle materials, specialized
machining methods have been developed and implemented: diamond-based rotating
tools, electrochemical machining, electrical discharge machining, electron beam
machining, and ultrasonic machining.

The advantages of ultrasonic machining over other methods include the ability to
machine non-conductive and opaque materials, as well as the absence of residual stress
after machining, which, when used with other methods, leads to cracks on the machined
surface.

Ultrasonics effectively processes fragile materials such as agate, alabaster,
diamond, gypsum, germanium, granite, graphite, boron carbide, quartz, marble, jade,
ruby, sapphire, glass, porcelain, earthenware, crystal, jasper, and others.

A significant factor in increasing the efficiency of industrial production is the
introduction and improvement of advanced technologies, ensuring their technically and
economically feasible automation.

One such technological process in mechanical engineering that reduces the labor
intensity of manufacturing parts and improves their quality and reliability is so-called
ultrasonic intensification, i.e., processes carried out using mechanical vibrations at
ultrasonic frequencies for technological purposes. The successful and widespread
implementation of various vibration metal cutting processes in industry depends
significantly on the development of appropriate automated control systems for the
primary and secondary movements of cutting tools and workpieces to ensure optimal
values for the required process parameters characterizing the aforementioned processes,
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as well as the final product.
Developing effective control algorithms for such processes primarily requires

in-depth study and research of the complex physical and mechanical phenomena
occurring during their implementation—i.e., kinematics, dynamics, plastic and elastic
deformations, friction, thermal processes, and other factors—followed by their
adequate mathematical description as control objects.

At the same time, an important condition for the technical support of the proposed
control algorithms is the creation of means for obtaining and converting primary
information about the process, as well as the corresponding force control action on
it. Studying the static and dynamic characteristics of vibration cutting under various
operating conditions, identifying the degree of internal interconnectivity between
control and disturbance channels, and determining energy and process constraints will
enable the required identification of appropriate mathematical models for vibration
cutting processes, as well as the adequate formulation and solution of problems related
to automated optimization of productivity, product quality accuracy, and the reliability
of equipment and tools.

Analysis of the current state of ultrasonic technology, the current level of
electronics development, and the development of new materials for ultrasonic emitters
suggests that promising development directions must be pursued to overcome the
shortcomings of previously developed machines and proven machining methods.

High-intensity ultrasonic vibrations are currently used to weld thermoplastic
polymer materials, as well as very thin foil and wire to metal parts. Since ultrasonic
welding is a cold weld, the seam is formed at a temperature below the melting
point. Ultrasonic welding can be used to join materials such as aluminum, zirconium,
tantalum, niobium, molybdenum, and others. Ultrasonic welding is effectively
used in high-speed packaging processes and the production of polymer packaging
materials [13–17].

The physical phenomena occurring in the vibration cutting process are very
different in quality from the physical phenomena in the conventional cutting process.
The ultrasonic waves used (more than 20 kHz) create a pulsed cutting force and a pulsed
cutting process. Here, the chip formation process occurs only over an equal period in
a certain part of the period of the ultrasonic frequency wave. It should be noted that it
is theoretically possible to direct ultrasonic waves in all three directions of the cutting
force.

The research results showed that the ratio of cutting speed to critical speed should
be the main control parameter for vibration cutting. To achieve maximum efficiency in
vibration cutting, it is necessary to ensure the condition: V /Vc = 1/3 = const [6].
When changing the cutting speed, in order to maintain a stable value of V /Vc, it is
necessary to change the frequency or amplitude of the generator [18–21].

In vibration cutting with ultrasonic vibration in the cutting depth direction, it is
possible to effectively suppress the serrated chips and form smooth and continuous
chips, but in cutting in the cutting speed direction, there is an opposite effect [22].

Due to the periodic vibration applied to the machining path, the surface texture
created by ultrasonic vibration milling (UVM) has unique characteristics [23,24].
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Improving the plastic machining quality during ultrasonic milling depends on
friction, axial vibration speed or frequency, deformation rate, and material removal
mechanism. Experimental and theoretical results have opened up new possibilities for
ultrasonic vibration machining of composites [25,26].

Precision machining of intricately shapedmicro texture surfaces with wavelengths
of more than tens of micrometers is achieved by ultrasonic cutting using elliptical
vibration [27,28].

Ultrasonic assisted machining is commonly used for high-precision machining of
difficult-to-machine materials [29].

Ultrasonic vibration cutting (UVC) minimizes residual stress after machining,
reduces the likelihood of cracks forming in the machining plane. These properties are
essential in the production of parts and assemblies in the aerospace industry [5,30].

2. Materials and methods

2.1. Extracting features
Based on the theoretical model, the four key parameters are nominal cutting speed,

vibration frequency and amplitude, and rotation angle. Experimental results showed
that ultrasonic cutting offers clear technical advantages in reducing cutting force,
improving surface quality, suppressing burrs, and optimizing chip formation [31].

Changing the frequency causes a change in the chip formation time during
vibration cutting. In this sense, it is considered more appropriate to use the amplitude
control channel to maintain a constant relative speed [32,33].

The following parameters were taken as output indicators of the cutting process:

1. Amplitude of oscillations of the cutting tool: A, µm.

This indicator is considered constant for each specific part: A = ga = const.
2. Oscillation frequency of the cutting tool: f , kHz.

In order not to awaken the dynamics of the auxiliary elements of the mechanical
vibration system and for lower energy consumption, the frequency fg of the
generator should be adjusted to the resonant frequency fR of the mechanical part,
i.e., the condition fg ≈ fR should be met under the existing disturbances.

3. During vibrating cutting, the optimal cutting speed should be V ≈ Vc/3.

2.2. Database
This indicator is achieved by changing n the number of revolutions of the machine

drive.
Vibratory cutting uses a generator that generates ultrasonic harmonic oscillations

in the frequency range of f = 20 ÷ 30 kHz. The vibratory concentrator operates
at a frequency of f = 22 kHz. The maximum oscillation amplitude with a value of
a = 12 µm is achieved at the end of the concentrator at this frequency. The generator
is tuned to the resonant frequency for the cutting blade of the cutter in operating mode.

In the VCP oscillatory system, changing the parameters m, c, and k shifts the
concentrator’s resonant frequency (f = 22 kHz).

This leads to a decrease in the amplitude of oscillations. Disturbing excitations
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that change the parameters of the oscillatory system are the mechanical properties of
the perpendicular component of the speed of cutting (Vg), depth of cut (tc), feed (S) and
also the machined surface.

Typically, the vibrator is designed according to the nominal amplitude A and
frequency f , which are the main parameters of the vibration cutting process.

One of the practical methods to control the generator’s frequency is to
excite a mechanical oscillation system (with amplitude feedback) using its natural
frequency [6,33].

3. Results and discussion

3.1. Formation of the VCP oscillatory system model
The main objective of the research is to change the resonant frequency of the

oscillation system VCP, which affects the quality indicators of the machined surfaces
of parts made from various materials.

A change in the resonant frequency can be due to several reasons: firstly, the use
of a vibrator designed for a certain resonant frequency when processing various parts;
secondly, changes in cutting parameters, temperature, etc. When processing the same
parts, in addition, when the pulse radial force Py changes, the concentrators resonant
frequency also changes.

Theoretical and practical studies have shown that the VCP oscillation system is
adequately described by a second-order linear differential equation [33]:

m
d2x

dt2
+ c

dx

dt
+ kx = F (t)). (1)

Where,m is the mass of the oscillation system; x is the linear displacement of the
center of mass relative to the equilibrium position; c is the coefficient of friction; k is
the coefficient of elasticity; F (t) is the force of control used to maintain oscillations in
the resonant mode.

The mechanical model of the VCP oscillatory system is shown in Figure 1.

Figure 1. Model of the VCP oscillatory system.
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To achieve a forced frequency close to the system’s resonant frequency and an
amplitude equal to the reference value, it is necessary to select an external force F(t).

To obtain Equation (2), we need to divide the right and left sides of Equation (1)
by the reduced mass m:

d2x

dt2
+B

dx

dt
+A0X = DF (t). (2)

Where the corresponding canonical form is given by:

d2x

dt2
+ 2ξω0

dx

dt
+ ω2

0x = DF (t). (3)

Here, ξ is the coefficient of damping, given the value of this coefficient as 0 <

ξ < 1. Equation (3) describes the oscillation system, ω0 is the resonant frequency of
the oscillation system. This frequency depends on the system’s internal characteristics
and is independent of the external disturbance F (t), as well as the initial conditions
x(0) = x0, x

′
(0) = x

′
0.

When a step action is applied to the input signal of the system, the natural
frequency of the oscillatory system differs from the resonant frequency and is
determined as follows:

ω = ω0

√
1− ξ2, or ω =

√
A0 −

(
B

2

)2

=

√
k

m
− c2

4m2
.

If the choice of F(t) allows B ≈ 0, then the oscillatory system approaches a
conservative system (ξ = 0), and in calculations we can use the expression ω = ω0 =√

k/m. To achieve this goal, we create an external force in the feedback form from
the derivative:

F (t) = KsKeK · dx(t)
dt

. (4)

Here,Ks,Ke,K, are the gains of the sensor, exciter, and coupling device.
The sensor output of the system generates a signal proportional to the oscillations

of x(t). To generate feedback regarding the derivative, the x(t) signal must pass through
a differentiating link.

Taking into account Equation (4) in Equation (2), we obtain the formula:

d2x

dt2
+ (B −DKsKKe)

dx

dt
+Ax = 0. (5)

The system described by Equation (5) is a homogeneous system with free
oscillations.

For a system to be conservative, that is, for it to exhibit undamped oscillations, the
following condition must be met:

δ = (B −DKsKKe) = 0. (6)

Given that the gains Ks and Ke are predetermined, this equality holds when
choosing the coefficientKc.
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As can be seen, if the condition of Equation (6) is satisfied, the generator equation
takes the form:

d2x

dt2
+A0x = 0. (7)

Equation (7) represents a conservative system, i.e., an ideal oscillatory system
without damping, where the oscillation amplitude depends on the initial conditions as
x(0) = x0, x

′
(0) = x

′
0.

However, it should be noted that in practice, a free oscillatory system becomes
unstable and can turn into an unstable oscillatory systemwhen exposed to small external
forces.

In general, such a system has the following modes:

1. δ = 0—conservative;
2. δ < 0—unstable oscillatory process;
3. δ > 0—stable oscillatory process.

As can be seen, systems with small parameters δ are insensitive to small changes
in external disturbances.

To apply this method in a real system, it is necessary to obtain the required
amplitude of oscillations g and ensure the stability of self-oscillations [33].

For this purpose, a conservative system can be controlled by the regulation law P:

u = kpε(t). (8)

Here, ε(t) = ga−x(t) is the amplitude control error; kp—regulator gain; ga—task;
x(t)—amplitude value measured by the piezoelectric element.

Equation of the control system at the value δ = 0 with P-regulation:

x
′′
+A0x = kpε(t)

As can be seen above, a variable force has emerged on the right-hand side of the
equation for the conservative system.

When a conservative system enters a stable mode, the coefficient A decreases, ε >
0. However, in an unstable mode, the coefficient A increases, ε < 0.

In this case, the system, without shutting down, constantly alternates between
non-zero equilibrium points “+” and “−” and oscillates with a given amplitude ga at
the resonant frequency.

Moreover, when the problem statement changes, the resonant frequency ω0 does
not change. This is the most important case, that is, the ACS setting signal should not
change the characteristics of the system.

So, since the natural frequency is ω =
√

A0 − ( δ2)
2 and in the system, along

with providing amplitude A = ga , δ ≈ ±0 is provided, thus ensuring the resonant
frequency ω =

√
A0.

Figure 2 shows the block diagram of the proposed vibration cutting control
system [33].
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Figure 2. Amplitude control circuit.

The proposed stabilization method is more accurate and theoretically justified than
the method based on a zero-phase difference between the current and voltage passing
through the piezoelectric element.

Based on the following mathematical model of the VCP mechanical oscillatory
system, computer modeling of this system, designed for a frequency of ω = 22 kHz,
was performed:

W (p) =
0.2

0.00204p2 + 0.0181p+ 1
(9)

Figure 3 shows the transient response of the mechanical system.

Figure 3. Transient characteristics of mechanical oscillatory system.

Transfer function (9) is reduced to normal form in the MATLAB system
simulation, written in state coordinates:

ẋ1 = x2,

ẋ2 = −487.8x1 − 8.8195x2 + 97.56F (t),

x1 = y.

The corresponding modeling scheme is shown in Figure 4.
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Figure 4. Scheme for modeling an oscillatory system.

The linear generator simulation diagram in MATLAB/Simulink is shown in
Figure 5. The parameters in the diagram are: Ks = 1.5;Ke = 1;K = 0.0603;Kp =

50.1;Tf = Kf = 1.

Figure 5. Simulation scheme of a linear generator in MATLAB.

Figures 6 and 7 show the system characteristics, respectively.
The first case corresponds to the task value gA = 6.2 µm. In this case, the resonant

frequency ω0 = f0 ≈ 22.5 kHz. Real amplitude A(∞) = 6.35 µm [33].
In the second case, the task was increased and gA = 12 µm was taken. At the

same time, the resonant frequency did not change and amounted to approximately ω0 =

22.7 kHz. The set value of the real amplitude was A(∞) = 11.8 µm. As can be seen,
the main result here is that the resonant frequency does not depend on the value of the
problem gA.

Let us assume that the elasticity coefficient k has changed as a result of some
exciting disturbance. In the model for this case, k̃ = 487.8 was changed to k̃ =

400.0 (i.e., 30%). The corresponding transient process is shown in Figure 8 for the
value gA = 10 µm. As you can see, the real amplitude A(∞) ≈ 9.8 µm is close to
the specified one, and the frequency has decreased and become equal to the resonant
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frequency f0 = 20 kHz.

Figure 6. Dynamic characteristics of the system at the target valueA0 = 6.2µm: (a)Vibration
of the cutting tool; (b) Amplitude of the cutting edge.

Figure 7. Dynamic characteristics of the system at the target valueA0 = 12 µm: (a)Vibration
of the cutting tool; (b) Amplitude of the cutting edge.

A drawback of the previously proposed linear generator is the violation of the
conservatism condition of Equation (6) when the coefficient of friction changes as a
result of any excitation disturbance. In this case, a static error occurs when tuning the
amplitude.

To eliminate this drawback, a relay-type control system is proposed. In this case,
there is no need to make object Equation (7) conservative. The final conservative, i.e.,
movement along a closed trajectory (ellipse), consists of parts of two trajectories of
stable forced movement (stable oscillator) [33].
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Figure 8. Transient processes under exciting disturbance.

3.2. Formation of the VCP control algorithm
The control algorithm is presented in the following form [33]:

F (t) =

{
−GA, if dx/dt < 0

+GA, if dx/dt > 0

The block diagram of the system is presented in Figure 9.

Figure 9. Relay generator control system.

The correspondence of the gA reference to the realA is performed by selecting the
gain coefficientKp of the controller.

System equation for values F (t) = ±gA is 0.00204ẍ(t) + 0.0181ẋ(t) + x(t) =

±0, 9gA.
The corresponding phase portraits are shown in Figure 10.
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(a) (b)

Figure 10. Phase portraits of a self-oscillating system operating in the forced oscillation mode:
(a)With a value of gA = −10; (b)With the value gA = +10.

Figure 11 shows the simulation diagram of the proposed relay-type control system
in MATLAB. The final phase portrait of the system is shown in Figure 12.

Figure 11. Final phase portrait of a self-oscillating system operating in forced oscillation
mode.

Figure 12. The modeling scheme of the proposed vibration cutting control system in
MATLAB of a self-oscillating system operating in the forced oscillation mode.

As you can see, the resulting motion is conservative and occurs along a closed
trajectory (ellipse).
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Figure 13 shows the frequency and amplitude transients characteristics of the
control system. As you can see, for gA = 10 µm, setting kp = 1.8, the real amplitude
was A = 10.2 µm, and the frequency value f = 22.5 kHz.

Figure 13. The frequency and amplitude transients characteristics of the control system.

4. Conclusion

As can be seen from the computer simulation, curves of dynamic characteristics,
transition process, frequency and amplitude characteristics, conservatism is ensured
when the coefficient of friction is changed as a result of any exciting disturbance. Due
to this, generators of linear and relay type, working on the basis of the excitation of
the own frequency of the mechanical vibration system of the VCP, have an actual and
practical importance, as there is an opportunity to improve the quality of machining
surfaces of various materials.
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