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Increasing the reliability and performance of such studies is

still a timely scientific and technical issue.

Cutting process is carried out in the elastic technolo-
gical machining system (TMS) and it is closed-loop by its

nature due to feedback between the defined parameter of

cutting process (for example, depth of cut) and cutting force,
which causes deformation variation, therefore, proportional
change depth of cut variation, and consequently cutting force
variation again, etc. In addition, usually cutting process is
multiple-pass, with so-called machining «by trace». Many
researchers consider that it is the main reason of vibrations
and chatter on the part surface.

Regenerative oscillations (self-oscillations) have a sig-
nificant influence on the process performance, lowers the
machined part surface quality and dimensional accuracy. In
addition, vibrations can lead to cutting tool deterioration or
even machine tool itself, therefore, increasing manufacturing
costs [1]. That is why studying and solving of the vibration
problem during machining is very important for performance
improvement of these operations. Usually, such study is
performed using different modeling and analysis methods
that focused on prediction of the best machining conditions.

2. Literature review and problem statement

Generally, most of researchers consider that vibrations
in TMS occur due to the interaction of elastic system and
cutting process. Thereby this interaction is the oscillator and
the source of dynamic effects in the elastic system, which
appears in periodic relative displacements of the tool and the
workpiece. The main reason of vibrations occurrence in ma-
chining [2] is considered to be nonlinearity of cutting process
characteristics, and the model is based on a one-degree-of-
freedom system, which decreases its adequacy.

Other researchers [3] take into account a complex of
reasons, including a static and dynamic cutting force duality,
the mutual influence of oscillations in the coordinate rela-
tionship, secondary excitation from machining by chatter.
However, the model with one degree of freedom is taken, and
the mathematical description is based on the dependence
of the ultimate strength of metals on temperature. Such an



approach cannot explain the oscillations in a system with
a high frequency, since the inertia of such characteristic as
temperature is known.

The fundamental research of vibrations in the system
during cutting, presented in [4] should be noted. The pro-
posed approaches are mainly based on the usage of analytical
solution methods of differential equation system that does
not exceed second order, while stability conditions deter-
mination is based on characteristic equation root analysis,
which does not always provide adequate results [5]. In stu-
dies of the frequency domain of vibrations and cutting stabi-
lity using the Jobes-diagram’[6], despite a wide experiment,
there is still no mathematical model to predict the occurrence
of chatter.

When solving modeling problems, most of the studies
suggest considering the time delay between sequential turns,
which depends on spindle speed, which affects the phase
between chatter waves on the machined surface [7]. The sig-
nificance of this effect in the cutting process instability is also
pointed out, but the presented mathematical models do not
allow modeling the process in the time domain [8]. The prob-
lem of ensuring vibration-free machining can be solved using
the system [9]. However, this method provides for complex
research and requires significant costs. For example, in [10]
it was noted that the experimental method is time consuming
and expensive, while the analytical method eliminates the
need for experiments. Nevertheless, the proposed analytical
method cannot be considered exhaustive, since it is also based
on an analysis of the roots of the characteristic equation.

Against this background, the need to develop models in
the direction of increasing their adequacy is obvious, increas-
ing the number of degrees of freedom of the dynamic system,
which will make it possible to reliably and simply predict
cutting conditions that ensure the stability of the process
using simulation by numerical methods [11].

The analysis confirmed the main condition for adequate
model creation. It is necessary to have:

—an adequate model of the dependence of the cutting
force on the processing mode, workpiece material, tool and
other factors;

— the dynamic characteristics of an elastic technologi-
cal system;

—a geometric model of the interaction of the tool and
the workpiece in the form of an analogue of the allowance
cutting speed — Material Removal Rate [12].

3. The aim and objectives of the study

The aim of the study is to develop a mathematical mo-
del of the cutting process for turning taking into account
machining by chatter trace and two degrees of freedom, to
create information support for numerical simulation and sys-
tem stability prediction.

This allows solving not only the problems of choosing
the cutting mode, but also the design of the dynamic para-
meters of TMS to perform stable processing with maximum
productivity.

To attain the aim, it is necessary to accomplish the fol-
lowing objectives:

— based on a systematic approach, to develop a structural
diagram of the cutting process as a single-mass system with
two inputs along orthogonal axes: depth of cut and length
feed on revolve;

— to create an application program for numerical simula-
tion in the time and frequency domains;

— to perform an experimental verification of theoretical
results and to state practical recommendations for use in
production.

4. Methods and results of the turning process study

4.1. Problem statement

Prediction of vibrational stability in machining turning
involves the availability of a mathematical model, which
consists of cutting force, elastic closed-loop dynamic system,
and geometric interaction separate models. The mathema-
tical model should combine these particular models into
a single system with two inputs for cutting depth and length
feed per revolution, as well as corresponding outputs which
form the geometric parameters of the removed material layer.
Modeling involves the use of numerical methods with some
of the parameters of mathematical models set according to
the results of experiments to ensure the adequacy.

Therefore, it is proposed to build an application program
algorithm that is based on the developed mathematical model
and implements modeling in the time and frequency domains.
For the results analysis, it is proposed to develop criteria for
the stability of the cutting process.

4. 2. Mathematical model of the turning process

To determine the force characteristics of the turning
process, the well-known empirical dependence of tangential
cutting force on machining conditions can be used [13]:

E=Cph [V k, )

where Cp, — coefficient, which depends only on workpiece
material; £ — correction index; xp;, yp,, np, — exponents; A, f,
V — cutting mode — depth of cut (mm), feed rate (mm/rev)
and cutting speed (m/min).

Fig. 1 shows the diagram of elastic deformations in
turning, where it is shown how elastic deformations 8% in
the Y axis direction (along the cutting depth) lead to varia-
tion of cutting width 8/ and, as a result — removed material
layer area. Elastic deformations in the X axis direction do not
cause a change in the depth of cut, but directly affect the area.

4 h;

Cy Ay

Fig. 1. Scheme of the elastic deformations influence
on the removed material



The cutting force components F, and F, are the decom-
position vectors of the horizontal component F,,, which acts
along the front surface in the direction coinciding with the
direction of the chip flow and the plan angle ¢ of the cutting
insert, and can be determined by F,,=0.6F, [13]. Thus, from
the geometric relations in Fig. 1:

F =0.6F, cosg, F,=0.6F,sing. (2)

In general, a mathematical model of the cutting process
in elastic TMS can be represented in the form of a block
diagram (Fig. 2).

the spectrum main harmonic of the system response to
a pulse load, i.e. by its weight characteristic. The same
characteristic is used for the oscillations damping coeffi-
cient & determination in a similar way as for the vibrational
element [11].

Modeling of such a system (Fig. 2) can be performed only
by numerical methods in the time and frequency domains.
According to the method, it is most convenient to present
a mathematical model as a transfer function with Laplace
images. To obtain the transfer function from input f to out-
put df, it is necessary to use the connections of the block
diagram in Fig. 2, setting £2=0. In such case, the following

system of equations can be obtained from

= e the block diagram:
e® |
Fy 1/C (f=f-8f
0.6sing —> - ! ’
foon f w0, . MO 2 v 2eTs+1 of F, = [Kf,
ho & l - F, = 8hKh,,
0 4 &, F, 1/C, oh F.=F,-F,
F, 0.6cos ¢ > — : (6)
I's +2§Tys+1 ) 1/C
df =F,0.6sin¢p55——*—r1
e’ | T's*+28T s+1
oh=F.0.6 1/Cy
Fig. 2. Block diagram of the turning process =1,0.6C08Q0 5——— —.
T's*+2ET,+1

The block diagram represents a system with two inputs in
depth Ay and feed rate fj and, accordingly, two outputs — de-
formations 8k and &f in these directions. The block diagram
takes into account machining by chatter trace in the direc-
tion of two coordinates due to the delay transfer functions
e ™, where t — the time of one spindle revolution, s — the
Laplace operator. Therefore, the current feed is f=fy+8fe ™™,
and the effective depth A=ho+8he™™, respectively, according
to the notation on the block diagram.

Considering the relatively small values of deformations
compared to the depth (width) of cut, the dependence of the
cutting force (its Fz component) on the depth of cut 2 and
feed rate f can be linearized:

Kh(] = (aFZ /ah)o = Cpxph(fp 71]5’” ‘/[)npk’ (3)

and

Kfy=(0F, [f ), =C, 1"y, £, Vi k, (*)
where hyg, fo, Vo — parameter values in the linearization point.
Thus, the tangential component F, of the cutting force with
this approach can be represented by the dependence from the
block diagram: F,=f1Kfo+hKhy.

The elastic dynamic system is represented by a single-
mass model that is under the force excitation along two coor-
dinates, which correspond with cutting force components.
Since the parameters of the dynamic system must be deter-
mined experimentally, the transfer functions of the dynamic
system can be conveniently represented as vibrational ele-
ments. The period T of the elements oscillations is related to
stiffness and reduced mass:

T =2n/o, (5)
where o — natural frequency (rad/s).

Stiffness along the coordinate axes is determined ex-
perimentally, and the natural frequency is determined from

From the system of equations (6), by the substitution
of variables method, we obtain an equation that relates
the displacement f in the X axis direction (length feed per
revolution) with the depth and deformation 8/ in the same
direction. From this equation, it is easy to obtain the desired
transfer function:

o/ (s)
/()

B 0.6sin oKf,W,C,
N W.C.W,C,-Kf,0.6singW,C, +W,C,0.6cosKh,’

(7

where
W, =T!s*+ 26T s+1, W, =Ts*+2ET s+1.

After simple algebraic transformations, we have the
transfer function in the standard form:

_Y(s)
/(s)

where time constants t, T with corresponding indices and
the coefficient ky are determined from equation (7), which is
written in standard form in descending order of the Laplace
operator s powers.

For system modeling in the time domain by the numerical
method using the standard 4th-order Runge-Kutta nume-
rical integration procedure, equation (8) of motion along
the input / must be represented in the state variables in the
matrix form:

sU[1]=-AU[1]+U[2],

2 .2
B TyS” +T,S+k,

T 4 4 3.3 2.2 ’
Tos™ + 158" + T8 + Tps +1

w(s) ®)

sU[2]=-AU[1]+ A f +U[3], 9)
sU[3]=-AU[1]+ A f +U[4], (
sU[4]=-AU 1]+ A, f,



where

73/

A1:T1§/T042’ A, 027
Azﬂzraz/T(fzy A4=1/711427
A5=‘C§2/T042, Aﬁ=‘t12/T042,

A, :kz/To/lzy

sU, U — state variable arrays.

5. Experimental studies of TMS dynamic characteristics

The main goal of experimental research is to confirm the
adequacy of the developed mathematical model. Since the
mathematical model includes such parameters as the stiffness
of the TMS, natural frequency and the vibration damping
coefficient, it was decided to carry out full-scale experiments
for adjustment, performing measurements in the places and
directions indicated by the arrows, the scheme of adjustment
is shown in Fig. 3.

| [ —— ﬂ

350 mm
< i i >

Fig. 3. Measurement scheme

The stiffness was measured under load in the indicated
directions through the tensometric dynamometer UDM600
(All-Russian Research Institute, Russian Federation) by
force up to 1,200 N, while displacement was determined
by measuring head with a division value of 0.01 mm. System
dynamic characteristics at these points were determined by
digital arrays of weight characteristics, with signal decompo-
sition (Fig. 4, @) in the frequency domain and obtaining its
spectrum (Fig. 4, b).

The weight characteristic is the response of the system to
the impulse load as a result of an impact by a special hammer
in the places highlighted in Fig. 3.

The standard equipment was used for vibration mea-
surements with a piezoelectric accelerometer PCB 353B15,
an amplifier PBC 480E09 with an NI USB-9215 ADC
(Piezotronics, Inc., USA). Digital signal processing was per-
formed using the FFT algorithm (Fast Fourier Transform)
in MATLAB. The measurement results are presented in
Table 1, indicating the peak harmonics for the obtained spec-
tra, and the frequencies with the maximum signal amplitude
are shown in bold.

Table 1
Experimental data
. Stiffness, Frequency, Hz
Point N/mm

I 11 111 v
A 11.617 473 832 2.421 -
B 6.936 250 474 1.649 2.277
c 9.468 235 472 593 1.757
D 3.723 1.100 2.154 - -

Machining of the steel 20 workpiece was carried out with
a passing cutter with a cutting edge angle of 45°, cutting
mode: depth of cut 2.5 mm, feed rate 0.2 mm/rev, spindle
speed 1,600 rpm. The cutting process was accompanied by
sound vibrations at a high frequency and tangible vibrations,
traces of which are visible on the machined surface.

In the selected areas of the machined part (A, B, C in
Fig. 3), cross-section roughness measurements were carried
out on the Talyrond roundness gage and their frequency
analysis was performed.

Fig. 5, a shows the graph of the digital signal of the sur-
face profile in section C, and Fig. 5, b shows the spectrum of
signal decomposition in the frequency domain, considering
that the profile was formed during one revolution equal to
0.0375s.

It is clear that the surface geometry (macro- and micro-
roughness) is formed as a result of the relative movement of
the tool and the part, which occurs due to TMS fluctuations
during cutting.

Therefore, the spectral decomposition of the profile,
taking into account the spindle speed, can serve as a reliable
criterion for the adequacy of the created mathematical mo-
del of the process. In other words, the equivalence between
the spectrum and the amplitude-phase characteristic of the
model should be satisfied.
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1 0.006 - 473Hz ||
0005 1239 Hz J\
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b

Fig. 4. System characteristics in point C: @ — weight characteristic; b — spectrum
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Fig. 5. Results of workpiece profile measurement in point C: a — Talyrond trace, b — spectrum

6. Modeling of the transfer and frequency characteristics
of the process

For the cutting process simulation in turning, an appli-
cation program, the core of which is the mathematical model
developed above has been created. The application program
allows simulation of the process, both in the time and in the
frequency domains as an amplitude-phase characteristic.
Fig. 6 shows the program interface for the cutting process
modeling with dynamic parameters obtained experimentally
for section C (Fig. 3). The simulation is performed numeri-
cally using the fourth-order Runge-Kutta integration proce-
dure, with an integration step of 0.00001 s.

i
INITIAL DATA
Dynamic parameters of TMS Cutting process
Along the axis Y:
ain Harmaonic Part ratation 1600
Stiffness. Mimm IB‘IEE Freguency. Hz 593 speed, revfrmin
Al e G st q a Cutting depth, mm 25
hain Harmonic
Stiffness. Nfmm 3723 Frequency. Hz 2154
Feed, mm/rew 0.2
Damping coefficient 0.05

Geometric par

Process | {Pauze I

hyouist chart

ofthe cutter,grad

Part Diameter. mm

The main angle interms |45
30

Exit |

om

Oscillo

oms  op2

graphe

0,02s
Time, s

Help Feset

003 003 0p4

0,045

Fig. 6. Simulation program interface

The process begins with fluctuations caused by a spas-

modic change in feed per revolution, which gradually fade. It
corresponds to typical dynamic influence by a signal in the

form of a Heaviside function in order to obtain a transient
response. After the completion of one turn of the workpiece
(at 1,600 rpm, it is 0.0375s), the system oscillations appear
again, which is caused by regenerative excitation due to ma-
chining «by trace». However, in simulation these conditions
with a time flow lead to the process attenuation.

With an increase in the cutting process intensity, for exam-
ple, by increasing the depth of cut to 3.6 mm, the simulation
shows an increase in the oscillation amplitude, which indicates
a possible loss of stability. Thus, the most important indicator
of TMS can be determined as the maximum depth of cut, which
determines the maximum possible metal removal performance.

The adequacy of the created software was verified by com-
parison of the developed TMS model frequency characteristics
with the frequency analysis results of the surface profilogram of
the actually machined part surface. By clicking on the «Nyquist
Diagram» button, an amplitude-phase characteristic graph on
the complex plane appears in a separate window (Fig. 7).

On the amplitude-phase characteristic curve, design
points with the corresponding frequency in Hz are highligh-
ted. The graph of the characteristic is plotted automatically as
a spline, with the control points calculated numerically [11].
The maximum TMS oscillation amplitude can be observed at
a frequency of ~360 Hz (Fig. 7), which correlates well with
the signal spectrum of the machined surface profile — main
harmonic is located at this frequency (Fig. 5, b). Thus, the co-
incidence of the frequencies of the main, dominant harmonic
of the model and the profile spectrum indirectly confirms the
adequacy of the created mathematical model.

Simulation of the cutting process in the created program
with parameters corresponding to the point A demonstrated
the frequency response shown in Fig. 8. It can be seen that the
maximum amplitude of oscillations occurs at a frequency of
2,260 Hz (Fig. 8, @), which corresponds to the surface geometry
left on the part when removing the cutter (Fig. 8, b). Traces of
TMS oscillations in the amount of 82 waves are visible on the
surface, which at a speed of 1,600 rpm corresponds to a frequen-
cy of 2,200 Hz, which also confirms the adequacy of the develo-
ped mathematical model and the created application program.
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7. Discussion of vibration stability prediction
results in turning

The cutting process, in particular, during turning, is per-
formed in an elastic closed-loop TMS and is always accompa-
nied by vibrations. The amplitude of these vibrations forms
the micro-roughness of the profile, and under certain condi-
tions it can lead to stability loss of the cutting process. In any
case, it is the amplitude of TMS vibrations that determines its
maximum possible efficiency by the maximum cutting depth.
Therefore, it is important to have tools and technologies for
predicting the vibration resistance of the cutting process.

A new technology of prediction is proposed that is based
on the mathematical model of elastic TMS with two degrees of
freedom (Fig. 1, 2), which is described by a fourth-order trans-
fer function with a delayed argument. Prediction is performed
in the application program, considering three groups of factors,
which are determined by experimental data: tool geometry,
dynamic parameters of TMS (Table 1) and cutting mode. The
model was verified for adequacy by comparing the spectrum
profile of the micro-roughness of the actually machined sur-
face (Fig.5) with the amplitude-phase characteristic of the
developed model (Fig.7). The created application program
allows evaluating the stability of TMS during cutting, as well
as building a stability chart (the so-called <«lobes-diagrams»)
in the coordinates «depth of cut — cutting speed». Evaluation
can be performed by observing the process in time, or in the
frequency domains using the Nyquist criterion, taking into
account the presence of a time lag element in the system [12].
An increase in the adequacy of the proposed model should
be sought in increasing the number of masses and degrees of
mobility of the dynamic system, as evidenced by the spectrum
profile of the machined surface of the part (Fig. 5, b), where at
least four significant harmonics can be distinguished.

For the development of this study, we can suggest the
use of the created application program directly in the CNC
machine rack to predict the likelihood of vibrations, the
amplitude of which exceeds a predetermined level, when per-
forming any control program for processing the part.

8. Conclusions

1. A mathematical model of the cutting process in an
elastic closed-loop technological system taking into account
machining by chatter trace has been developed. The model
represents a dynamic system with two degrees of freedom
and is formed as a fourth-order transfer function, which al-
lows the use of numerical methods for system characteristics
obtaining, both in time and in the frequency domains.

2. A new technology of vibration stability prediction in
turning is proposed. The technology consists in the applica-
tion of the created applied modeling program, which uses the
initial settings (initial data) obtained as a result of experi-
mental studies of the TMS dynamic parameters. Modeling in
the application program allows building a stability chart in
the coordinates «depth of cut — cutting speed».

3. The experimental studies of comparing the micro-
roughness spectrum of the machined surface and the ampli-
tude-phase characteristic of TMS confirmed the adequacy of
the mathematical model in terms of coincidence of the main
harmonic of the micro-roughness spectrum and the model
amplitude-frequency characteristic that allow recommend-
ing the developed technology for practical use.
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