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Abstract. Due to structural limitations, the processes of boring holes are performed in a low-rigidity machining system, which prede-
termines their susceptibility to vibrations. The article is devoted to the study of the process of boring holes on CNC machines, and the
subject of the study is the effect of the cutting mode on the stability of the machining. The mathematical model of the machining system
is presented in the form of a two-mass dynamic system, which forms a closed loop structure with negative feedback by elastic displace-
ment. In addition, positive feedback is taken into account through the delay argument function, which represents machining along
traces. It has been proven that this process provokes the emergence of regenerative oscillations in the machining system. The applica-
tion of the system’s approach made it possible to obtain a mathematical model in the form of state variables, which is acceptable for
the use of numerical modeling methods in both time and frequency space. An applied engineering program for determining the stability
diagram in “cutting depth - spindle speed” coordinates has been created. The program uses a new criterion of stability of systems
closed through positive feedback loop with a delay argument function. For the first time, the validity of such a criterion was proved
for systems described by differential equations of the fourth order. The importance of taking into account the results of the study in the
form of a stability lobes diagram when assigning a cutting mode, especially in the area of high speeds, is proven. Thus, according to
the results of the experiments, a change in speed of only 7% from 2150 rpm to 2320 rpm with the same cutting depth of 0.4 mm allows
the process to become stable. The use of the created program is possible in the system of automatic control of the online cutting mode
when the machine is equipped with vibration sensors with appropriate systems for identifying the dynamic parameters of the machining
system, which will significantly increase the machining efficiency.
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1. Introduction Chatter elimination methods are divided into passive

chatter control (PCC) and active chatter control (ACC) [2].

Boring holes in machine parts, as a rule, is a finishing
operation, which must provide the required quality indica-
tors - accuracy and surface roughness. The main feature of
such operations, which hinders technological capabilities, is
the insufficient rigidity of the machining system, due to de-
sign limitations, especially when boring deep holes.

Therefore, the most important problem in perform-
ing such operations is the elimination of chatter, which can
lead not only to deterioration in quality, a decrease in tool
life, but also to a loss of stability of the cutting process with
the onset of catastrophic consequences [1].
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PCC methods are based on the use of various damping de-
vices built into the boring bar or on the application of spe-
cial laws of cutting mode control. ACC methods are per-
formed on CNC machines equipped with special automatic
control systems with feedback sensors for the level of vi-
brations in the machining system. All these methods in-
volve the modernization of equipment, equipping ma-
chines with special complex control systems.

The most simple to implement and no less effective
are methods based on the correct choice of cutting mode.
Such methods are based on the formation of a stability
lobes diagram (SLD) in the “depth of cut - cutting speed”
coordinates, which is designed using a dynamic model of
the machining system, including using online experimental
data obtained. It is clear that the best effect can be achieved
with the simultaneous use of one of the methods of absor-
bing vibrations and setting a stable cutting mode.
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Thus, the improvement of SLD design methods by
creating special software using a digital twin of a techno-
logical processing system is an urgent scientific and tech-
nical task.

2. Problem status analysis

The operation of boring a hole is the finishing one
and is usually performed on a CNC machine after the hole
is countersinked (Fig. 1). When setting up, the angular po-
sition of the boring bar is important to ensure the required
cutting angles and the length of the bar to reduce the like-
lihood of vibrations in the machining system (MS). Usu-
ally, due to geometric restrictions, it is not possible to pro-
vide sufficient rigidity of the MS, and therefore the main
problem remains the elimination of vibrations.

-

Fig. 1. Boring holes on a CNC machine

The main direction of vibration elimination during
boring is associated with the use of mandrels with built-in
tuned mass dampers, which makes the boring process re-
sistant to vibrations [3]. Shock absorbers are usually de-
signed using classical analytical solutions, assuming a bor-
ing bar, which can be approximated by a system with one
degree of freedom.

Such boring bars are produced by various compa-
nies, for example [4], but the specific selection of vibration
damper parameters is always important. Dynamic Vibra-
tion Absorbers (DVA) are a common passive approach to
dampening vibration in boring bars. Tuning is very im-
portant in DV As to achieve the desired performance, and
improper tuning can adversely affect their performance [5].
It is proposed to use a one-dimensional dynamic model of
the boring process to predict stability, and the effectiveness
of the solutions was confirmed by experimental stability
lobes diagrams. This approach indicates the importance of
applying mathematical methods to create an adequate
model of the machining. The best results of applying pas-
sive methods using vibration absorbers were obtained with
a two-mass model and frequency approaches using nume-
rical methods [6].

Methods of active vibration suppression (ACC) in-
volve the creation of automatic control systems with feed-
back. For example, machining Navi by Okuma uses a set
of functions (software and hardware) that optimize cutting
mode on a CNC machine directly in the process of machi-
ning [7] based on vibration signals. The hardware part con-
sists of two independent modules (Fig. 2).
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Fig. 2. Navi-Okuma Technology

In the case of an increase in the amplitude of self-os-
cillations, the system informs the operator about this and
suggests specific changes in the value of the spindle speed.
It can be seen that the solution is also based on the use of
SLD, which is designed online from the measurement results
and an a priori mathematical model of the dynamic system.

To implement active control methods, an automatic
control system is proposed [8]. An offset signal measured
in a direction orthogonal to the machined surface is used to
generate a control action in the feed direction. A linear pro-
portional control law is applied. To test the effectiveness of
the proposed method and to find the best values of feed-
back gain, a mathematical model of the dynamics of the
process of boring with control has been developed.

It is always important to understand the causes of vi-
brations in the machining system during cutting. Ma-
chine’s vibrations occur due to the self-excitation mecha-
nism during the formation of chip thickness during machin-
ing operations [9]. Always the root cause of the appearance
of chatter is the force excitation of an elastic technological
machining system. The wavy surface left during the previ-
ous pass is removed during the next pass and depending on
the phase shift between two successive waves, the maxi-
mum chip thickness can increase exponentially when os-
cillating at a vibration frequency that is close to, but not
equal to, the dominant structural mode in the system. That
is explication of appearances of chatter in MS [9].

The presented review shows that in all chatter elim-
ination methods it is important to create a mathematical
model of the system using the function of delay argument
because this is main cause of chatter appearance in cutting.
In addition, the use of SLD makes it possible to reliably
establish a stable cutting condition based on dynamic pa-
rameters of MS measurements online. Therefore, the prob-
lem of creating an adequate dynamic model of the boring
process and an engineering software tool for reliable design
SLD remains relevant.

3. The aim and objectives of the study

The purpose of this work is to create a new technique
for designing a stability diagram in the “cutting depth — cut-
ting speed” coordinates for boring processes, which is
based on numerical methods for modeling the process in
the frequency and time domain, which will allow you to



230

Mech. Adv. Technol. Vol. 7, No. 2, 2023

assign a cutting mode that provides maximum performance
with minimum vibration.

To achieve the purpose, it is necessary to solve the
following tasks:

— to create a mathematical model of the boring pro-
cess, taking into account the two-mass dynamic system and
the delay function;

— to develop a mathematical model in the applica-
tion program for the operational design of the stability dia-
gram of the cutting process;

— to conduct an experimental approbation of the de-
veloped method and check its effectiveness.

4. The study materials and methods

The object of research is the process of boring holes
on a CNC machine, where it is possible to select the cutting
mode in a wide range. The cutting process is considered
when it is implemented in a closed elastic system, taking
into account machining along the trace. In the analysis of
stability, a method was adopted based on a new criterion
for the stability of systems with positive feedback, closed
through a function of delay argument.

To develop a new methodology for assessing and
predicting the stability of the cutting process, a system’s
approach was adopted, representing the MS by connecting
individual blocks with signals between them. This makes
it possible to obtain a mathematical model by means of dif-
ferential equations in variable states adapted to modeling
by numerical methods.

The adequacy of the proposed solutions and the con-
vergence of the developed algorithm are confirmed by soft-
ware as a result of simulation both the transient process and
the frequency characteristics.

5. Results of designing cutting mode for holes
boring

5.1. Mathematical model of machining for holes
boring

The mathematical model of MS during boring
should be built taking into account the concept of the oper-
ation (Fig. 3). The workpiece 1 is fixed in the chuck, and
the cutting plate is at the end of the boring bar. The rotation
of the workpiece provides the required cutting speed, and
the boring bar is fixed in the turret and moves in the direc-
tion of boring with a certain feed. When boring, a cutting
force arises and its component F, causes an elastic dis-
placement of MS, as a result of which the actual depth of
cut H, will differ from the specified one. In addition, during
cutting, oscillations occur, which can only be described
taking into account the dynamic properties of MS with
loops feedback connections, when using a system’s ap-
proach to representing the cutting process [6].

Fig. 3. Scheme of boring a hole

To compile a mathematical model, it is necessary to
use a functional diagram (Fig. 4), which represents the
closedness of the elastic MS through the loop feedback of
elastic displacement with a given depth of cut. Therefore,
the actual depth of cut is: H,=H.; — dys, where H.; — com-
manded depth of cutting, dus — elastic displacement (see
fig. 4). The elastic displacement of MS consists of elastic
displacements of the workpiece and the boring bar under
the action of the normal component F), of the cutting force.
Machining along trace is represented by a delay argument
function:

Hcl=Hc+8MSe_Ts7 (1)

where H. — commanded depth of cutting, T — time of one
tour of workpiece, s — Laplace operator.

L Wis)
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Fig. 4. Functional diagram of boring process

The workpiece and the boring bar in the first ap-
proximation are represented by single-mass dynamic mo-
dels, which are under the action of force excitation. The
transfer functions of such models are obtained from the
equations of motion in the cutting zone, which describe the
dependence of the elastic displacement on the cutting force
in the direction of the Y coordinate.

For workpiece:

2
m,, @ +A, dd
dt

Y +k 08, =F, , 2
dt wew y ()

similar for boring bar
d*s,
m
b dr

dd

where m,,, m are the reduced masses of the workpiece and
the boring bar, A,,, A are the coefficients of viscous friction
in the systems of the workpiece and the boring bar, k,, k»
are the stiffness of the workpiece and the boring bar in the
cutting zone.
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In practice, it is difficult to determine the reduced
masses and viscous friction coefficients of mechanical sys-
tems. Therefore, the representation of the equations of mo-
tion is used in terms of the natural frequencies of oscilla-
tions and damping coefficients of oscillations, for the iden-
tification of which known experimental methods are used
[11]. Such methods are based on the use of special ham-
mers, with the help of which the impulse response function
(IRF)of the system is obtained. Then, using fast Fourier
transforms [12], the amplitude-frequency characteristic of
the system (spectrum) is obtained, which is approximated
by the amplitude-frequency characteristic of a single-mass
dynamic system.

Thus, using the representation of dynamic systems
(2) and (3) in terms of natural frequencies and reducing to
the standard notation, we have:

- for workpiece:
2
579, 50, 1
> +2§W(D +8W=k—Fy, 4
- for boring bar:
2
579, 59, 1
+28,—+8,=—F,, (5)
; @y ky

where ®,, ®; are the natural frequencies of the workpiece
and the boring bar, &,, &, are the damping coefficients of
the workpiece and boring bar vibrations.

The cutting process can be represented by a linear-
ized model of the dependence of the cutting force compo-
nent on the depth of cut:

Fy:kFHa’ (6)

where k. = (8Fy /0H, )0 — coefficient of the linearized de-

pendence of the cutting force on the effective (actual) cut-
ting depth H, in the steady state region. Such coefficient

can be obtained from the dependence of the cutting force
component on the mode parameters [9]:

F, =k, bH, +k,b . ()

where k., k. are the coefficients of dependence of the nor-
mal cutting force on the cross-sectional area of the allow-
ance cut per revolution and feed per revolution, b is the
feed per revolution.

The values of such coefficients depend on the work-
piece material and can be determined by the methods of
statistical data processing presented, for example, in [13].

It is known that the best form of representation of a
mathematical model is a block diagram, which is obtained
from a functional diagram by replacing the names of the
elements with their transfer functions (Fig. 5). This form
makes it possible to obtain a mathematical model of the
process of boring holes for use in further manipulations in-
volving the design of a stability diagram in the coordinates
“depth of cut - cutting speed”. Since to solve the problem

it is necessary to perform numerical simulations in both the
frequency and time domains, the best form of a mathema-
tical model is its representation in state variables.

Fig. 5. Block diagram of boring

Using the rules for transforming block diagrams, it
can get the transfer function of the direct channel of a
closed system:

s%kp T2 +skpTy + kpk
ST+ 8T + ST 45T +17
®)

where, after simple algebraic transformations, it is possible
to determine the time constants of the system:
- for the numerator:
1 1 2 2 1 1
Tiz= 2 +2_3 712: ib + iw 9k:_+_9
wpk, o)k, wyk,, ok, k, Kk

w w w

W, (5) = kp (W, (5)+ W, () =

- for the denominator:

1 26, 28
4 _ 3 _ w b
I = 2 27 Iy = 2 + 2’
;0 W,m,, ,0,
1 4 1 2 2
TSZ :_2+ &b%w +_2 , T6 — F:b + éw .
), W, o, w0, o,

5.2. Mathematical model in the application pro-
gram for operational design of the stability dia-
gram of the cutting process

For further manipulations in order to determine the
stability of MS in accordance with the new stability crite-
rion proposed in [10], it is necessary to obtain the transfer
function of a closed system (Fig. 6).

Fig.6. Block diagram for stability estimation

To assess the stability in accordance with the new
criterion [10], the frequency method is used, based on the
analysis of the Nyquist diagram of an open system with
positive feedback through the delay function. The place of
disconnection of the connection is shown in fig. 6, and the
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transfer function W.(s) is determined from the block dia-
gram in fig. 5 according to the conversion rules:

174
W, (s)= ﬂ )
1+ (s)
After substituting the values of the time constants of
the transfer function W;(s) from (8) and reducing to the
standard form, it is possible to obtain:

s°Tcy +sTe, +ke

W.(s)= , (10
S4ng+s3Tm13+s2Tm§+sTm3+l (10)

kT

where for the numerator: 7 cg =_—F1
1+kpk

TC] = kF]12 , = ka R

1+ kpk I+kpk
iy 73

for the denominator: Tmy=—=—, Tm=—3"—,
1+kpk 1+kpk

T = T +k, TP o TotheTy

T ldkgk 7 l4kgk

To construct a system stability diagram, the program
[10] uses a new criterion for the stability of systems with
positive feedback through the function of the delay argu-
ment. A system is stable if the graph of its Nyquist diagram
does not cover the point with coordinates [+1,0] in the
complex plane. The algorithm performs an automatic
search for the boundary depth of cut for each value of the
cutting speed according to such a sign of the location of the
graph of the Nyquist diagram of the transfer function W.(s).
This is how a data array is formed, which determines the
necessary stability diagram in the coordinates “depth of cut -
cutting speed”.

5.3. Approbation of results

To confirm the results obtained, experiments were
performed for the machining system for boring a hole with
the data presented in Table 1. Such data correspond as
much as possible to the real parameters of the machining
system when boring a hole.

Approbation of the obtained results was carried out
using a special program that allows you to calculate the re-
sponse of the machining system in both time and frequency
domains. When simulating in the time domain, a complete
mathematical model of the system was used, taking into
account positive feedback through the function of a delay
argument, and when assessing stability according to the
criterion [10], an open-loop system model was used (see
Fig. 6). Modeling is carried out by a numerical method
using the standard Runge-Kutta integration procedure of 4
order, and machining along the trace was taken into account-
through the recurrence relation:

H[i]=H, [i]+8y5[i-1]. (11)

Table 1. Initial data

Workpiece

Natural frequency Hz 220
Stiffness N/mm 2500
Hole Diameter mm 36
Damping coefficient 0,05
Boring Bar

Natural frequency Hz 300
Stiffness N/mm 500
Damping coefficient 0,05
Coefficient for cutting force (Steel 45)

kye N/mm? 1400
kye N/mm? 35

According to the initial data in Table 1, using the
mathematical model (10), (11) in the created application
program, the stability diagram was designed (Fig. 7). As a
result, the entire range of permissible values of the cutting
mode was divided into two zones: above the graph — an
unstable zone, below the graph — a zone of stable operation
of the machining system.

Validity of the obtained results was checked by com-
paring the behavior of the system in the time domain and
the location of the Nyquist diagram for the two cutting
modes indicated in Fig. 7 by points 1 and 2. In fig. 8, is
shows the transient response of the machining system in
mode 1: depth of cut 0.4 mm, spindle speed 2150 rpm. It
can be seen that the process is unstable — the amplitude of
elastic displacement increases and over time will exceed
the maximum allowable value.

El Slability lobes diagram
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Unstable

Eo05
Eo
£ 04 i A W
2 i PR Y T Y Y VAV IV AV AW AW A \_/ :
203 frecias
3 02
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0,1

0 i
1000 1500 2 000 2 500

Spindle speed, revimin

Fig. 7. Stability lobes diagram

Therefore, such a cutting mode is unacceptable and
can lead to significant vibrations and even accidents. The
graph of the Nyquist diagram for this mode of operation
covers a point with coordinates [+1,0], which, according to
the new stability criterion [10], leads to the loss of stability
of the system with positive feedback through the function
of the delay argument (Fig. 8, b).
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Fig. 9. The results of simulation the functioning of the machining system at a depth of cut of 0.4 mm, a spindle
speed of 2320 rpm: a - transient response, b - Nyquist diagram

Simulation of the functioning of the machining sys-
tem in the cutting mode corresponding to point 2 of the sta-
bility diagram shows that the process is stable. The transient
process demonstrates a tendency to rapid attenuation
(Fig. 9, a). The location of the graph of the Nyquist diagram
also confirms the stability of the system with positive feed-
back through the function of the delay argument (Fig. 9, b).

The verification clearly demonstrates the practical
relevance of the studies performed, especially in the field
of high speeds of rotation of the part spindle. It is there that
high processing productivity is achieved and at the same
time the risk of falling into the area of unstable functioning
increases.

6. Discussion about the purpose of the
cutting mode when boring holes on a CNC
machine

Hole boring is often a finishing operation where it is
necessary to meet high demands on the accuracy and quality
of the machined surface. Due to design limitations, boring
is performed in a machining system of low rigidity, which
imposes special requirements on the assignment of the cutting
mode. Production experience and studies [1] prove the sensi-
tivity of such operations to the assigned cutting conditions.

For the first time, the process of boring a hole is pre-
sented in the form of a mathematical model obtained from
a block diagram (Fig. 5), which is compiled taking into ac-
count a two-mass dynamic machining system and the
closedness of the cutting process through the normal coor-
dinate (8). The main reason for the occurrence of regenera-
tive oscillations in the system is also taken into account -
machining along the trail. Such a process is represented by
positive loop feedback through the function of the delay
argument e © , where 1 is the time of one revolution of the
workpiece, s is the Laplace operator.

To solve the problem, an application program was
created, the interface of which allows you to enter all the
system parameters necessary for modeling. The program
uses an algorithm for searching for data arrays, the maxi-
mum depth of cut and spindle speed, which form a stability
diagram of the machining system. The algorithm is based
on a new criterion for the stability of systems with positive
feedback loop through the function of the delay argument
[10]. This is how the cutting process is presented, taking
into account the machining along the trace, which is the
main reason for the occurrence of regenerative oscillations
in the machining system.

Previously [10], such an algorithm was used to as-
sess the stability of the machining system, which is repre-
sented by a single-mass model. Successful application for
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the two-mass model demonstrates the versatility of the new
stability criterion and algorithms.

The correct functioning of the created program in-
volves the use of a priori data about the system. Such data
include, first of all, the stiffness and frequency of natural
oscillations of the workpiece and the boring bar, as well as
the coefficients of the cutting force formula. The coeffi-
cients depend on the material being machined and can be
found in reference books [14], while the stiffness and nat-
ural frequencies require an online experiment to determine.
Considering that such parameters tend to change during
machining, Okuma’s experience, NAVI technology [15]
can be used to solve this problem. This technology, which
is called “intelligent” by the firm, also uses a stability lobes
diagram - compare fig. 2 and fig. 6 in this paper.

7. Conclusions

1. A mathematical model of the hole boring process
has been developed in the representation of the machining
system in the form of a two-mass dynamic model with neg-
ative feedback loop on the depth of cut and positive feed-
back through the function of the delay argument. This form
of presentation is the most consistent with the real process
of boring with the possibility of regenerative vibrations.
The mathematical model in state variables allows using
standard procedures of numerical integration and frequency
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10.B. Ilerpakos! o M.A. laHuibueHKo’
! KIII im. Izops Cixopcekozo, Kuis, Ykpaina

Anomauia. Ilpoyecu po3mouyeanss 0meopie 3 NPUYUHY KOHCMPYKIMUBHUX 0OMENCEHb BUKOHYIOMbCA 6 00POOHILL cucmemi Manoi sgcopcm-
KOCMI, W0 3yMOBTIIOE IX CXUTbHICMb 00 8UHUKHeHH: siopayit. Cmamms npuceésaueHa 00CIIONCEHHIO NPoyecy PO3NOYYEaHHs OMBEOPI6 Ha
sepcmamax 3 YIIK, a npedmemom 0ocniodcenHs € 6naus pexcumy pisanis Ha cmanicms npoyecy. Mamemamuuna modens npoyecy npeo-
cmaegiena y uenaoi 080Maco8oi OUHAMINHOL cucmeMmu, KA YMBOPIOE 3AMKHEHY CIPYKIMYPY 3 610 €EMHUM 360POMHUM 36 SA3KOM 3d NPYIiC-
Hum 3cyeom. Kpim mozo, ypaxoeanuti no3umueHutl 360pomuuil 36 130K yepes (hyHKYIlo 3ani3HI0I0N020 apeyMeHmy, o npeocmasisic 0o-
pobrenns 3a crioom. JloeedeHo, wo came maxuil npoyec i NPOBOKYE BUHUKHEHHS Pe2eHePAMUBHUX KOIUBAHb 8 00pOOHIl cucmemi. 3ac-
MOCYBANHSL CUCIMEMHO20 NIOX00Y 00360IUN0 OMPUMAMU MAMEMAMUYHY MOOeb Y (hOPMI 3MIHHUX CIAHY, WO € NPULHSAMHUM OJI51 3ACIO-
CYBAHHS YUCETLHUX MEMOOI8 MOOCNIOBAHHSL SIK ) YACOBOMY, MAK i 6 yacmomnomy npocmopi. Cmeopena npukiaoHa iHjceHepHa npozpama
BUBHa1eHHs Olazpamu CmadibHOCME 8 KOOpOUHamax ‘“‘2nubuna pizanns — weuokicmo winundens”. [lpoepama euxopucmogye Ho8uil Kpu-
mepitl cmanocmi cucmeMm, 3aAMKHEHUX Yepe3 NO3UMUSHUL 360POMHULL 36 SI30K 3 (DYHKYIEI0 3anizHIolou020 apeymenmy. Bnepuie dosedena
BANIOHICIb MAKO20 KpUmepiio OJis CUCeEM, WO ONUCYIOMbCSL OUGDEPEHYIATbHUMU PIGHAHHAMU Yemeepmozo nopsioky. JJogedena easiciu-
8iCMb YPAXYBAHHSL PE3YIbMAMIE OOCIIONCEHHS Y 8UTIA0L Olazpamu cmabiibHOCI NPU NPUSHAYEHHT PeXCUMY PI3aHHS, 0COOIUBO 8 0baACmi
8ucokux weuokocmeil. Tax, 3a pezyrvmamamu eKCnepuMeHmie smMina weuokocmi 6cvbo2o Ha 7% 3 2150 06/x6 do 2320 06/x6 npu 00Haxo8ii
enubuni pizanns 0,4 mm 00380715€ nepegecmu npoyec 6 cmabiibhull. Bukopucmanns cmeopenoi npospamu Modjiciuee 6 cucmemi agmoma-
MUYHO20 YRPAGIIHHSL PEHCUMOM PI3AHHS OH-JIAUH NPU OCHAWEHHI 8epcmamy 0amyukamu 8iopayiil 3 8i0NOGIOHUMU CUCMEMAMU [OeHMU-
Gixayii ounamiunux napamempie 06poOHOI cucmeMu, Wo 3HAYHO NIOBUUMb epeKmusHicmb 06POOIeHHS.

Knruoei cnosa: posmouysanns omeopis, diacpama cmadinbHOCMI, nepexioHi i Yyacmomui XapaKxmepucmuxu.
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