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STUDY OF THE DYNAMICS OF THE FACE MILLING
PROCESS, TAKING INTO ACCOUNT THE TORSIONAL
OSCILLATIONS OF THE SPINDLE

A. Opeian, I'. bananok. JlocnigkeHHs TMHAMIKH Npouecy TOPUeBOro ()pesepyBaHHs 3 YPaxXyBaHHSIM KPYTHJIbHHMX KOJIHBaHb
mnunaeasi. CTaTTio NMPUCBIYSHO BUPILICHHIO aKTyalbHOI 3aadi MO0 IMiABHIICHHS BiOPOCTIMKOCTI Mpolecy TopieBoro (pe3epyBaHHs Ta
MOKpAIIeHHs SIKOCTi 00poOJICHOT MOBEpXHI AeTaell MUIIXOM IapaMeTpUYHOI ONTHMIi3auii KPyTHIBHOI KOPCTKOCTI €JIEMEHTIB T'OJOBHOTO
npUBOY. BUKOHAHO KOMIUIEKCHHI aHAT3 AUHAMIYHOT B3a€MOIIT MMiICHCTEM METaIOPi3aabHOTO BepeTaTa Ta 00IpyHTOBAHO, LIO iHTErPyBaHHS
TaHTEHLaJbHUX 3MIIeHb HITHHASIBHOTO By3Ja B PO3PAaXyHKOBI CXEMH JO3BOJSE YCYHYTH OOMEXECHHS KJIACHYHUX JIHIHHHX MoJemeil.
Po3pobeHo MaremaTH4Hy MOJENTb 3aMKHEHOI AMHAMIYHOI CHCTEMH, sKa BpaxoBye (IIyKTyamii KyToBoi IIBHIKOCTi iHCTpyMeHTa Ta
HECTAI[IOHAPHUI XapaKTep Yacy 3ami3HeHHs B MeXaHi3Mi pereHepaii ciigy. BiamoBigHo mMetoxy 3 Teopil BUMAIKOBHX HPOIECIB, OLIHEHO
BIUIMB KPYTWIBHHX Bapiamiii Ha 3MiHy Koe(ilieHTa IepeKpUTTsI Ta IapaMeTpu cCTilikocti. TeopeTWuHi BHCHOBKH II€PEBIpeHO
eKCIIepPHUMEHTAIIbHIM JIOCIIIJUKCHHSM Ha 0a3i BepTHKaJIBHO-(PE3epHOro BepcTaTa, 1€ 3HIDKSHHS KPYTHIBHOI KOPCTKOCTI peasti3oByBanocs
LUTIXOM Bapiarii AiaMeTpa MpOMIKXHOTO Bajly MIMMHACIbHOI rofoBku Bifg 35 1o 10 mM. ExcriepuMeHTanbHO MiATBEPIDKEHO, IO MPU PiBHI
KPYTHJIBHHX KOJMBaHb (31 3MiHOIO 4acTOTH oOepTaHHsS Ha 8% mpH HiamMeTpi Baimy 12 MM) pyHHYeTHCS pereHepaTHBHHII MeXaHi3M
aBTOKOJIMBaHb. lle NPU3BOANTE N0 3HIDKEHHS aMIUTITYI¥ BUCOKOYACTOTHHUX JIIHIHHUX BiOpariif Hecydoi cumcTeMu BepcTaTa y 2,5 pasu Ta
MOKpAILIEHHS apaMeTpiB MIKpOpenbedy MOBEPXHi 31 3MEHIIEHHAM IOpCTKOCcTi Ra 3 2,3...2,5 MM mo 1,9...2,0 mxm. Busxaueno mexi
PaLiOHAIIBHOTO 3HIDKEHHS JKOPCTKOCTI, 32 SIKUMH HaJMipHAa IiIJaTJIMBICTh NPUBOAY IIOYMHAE JlecTabinizyBaTH Iporec (popMOyTBOPEHHS.
OtTpuMaHi pe3yibTaTH HAayKOBO OOIPYHTOBYIOTh €(EeKTHUBHICTH ONTHMI3alii IUHAMIYHMX XapaKTCPUCTHK NPHBOIB JUIS ITiABUIIEHHS
iHTerpaabHOI BIOPOCTIMKOCTI 061a THAHHSL.

Knrouosi crnosa: Toprese (pesepyBaHHS, BIOPOCTIHKICTh, KPYTHIBHI KOJIMBAHHS, PEreHepaliist CIIiy, KpyTHIbHA XKOPCTKICTh IPHBOY,
IIOPCTKICTB TOBEPXHi, BUCOKOYACTOTHI BiOpallii, [MHaMiKa BepCTaTiB

A. Orhiian, A. Balaniuk. Study of the dynamics of the face milling process, taking into account the torsional oscillations of the
spindle. The article addresses the urgent problem of increasing vibration resistance in the face milling process and improving the quality of
the processed surfaces of parts through parametric optimization of the torsional stiffness of the main drive elements. A comprehensive analysis
of the dynamic interaction of the subsystems of the metal-cutting machine is carried out, and it is substantiated that the integration of tangential
displacements of the spindle unit into the design schemes allows for the elimination of the limitations of classical linear models. A mathematical
model of a closed dynamical system has been developed that accounts for fluctuations in the instrument’s angular velocity and the non-
stationary nature of the delay time in the trace regeneration mechanism. Using a method from the theory of random processes, the influence of
torsional variations on changes in the overlap coefficient and stability parameters is estimated. The theoretical conclusions were verified by an
experimental study using a vertical milling machine, in which torsional stiffness decreased by varying the diameter of the intermediate shaft
of the spindle head from 35 to 10 mm. It has been experimentally confirmed that at the level of torsional oscillations (with a change in rotational
speed by 8% with a shaft diameter of 12 mm), the regenerative mechanism of auto-oscillations is destroyed. This leads to a 2.5-fold decrease
in the amplitude of high-frequency linear vibrations of the machine carrier system and an improvement in the parameters of the surface
microrelief, with a decrease in the roughness (Ra) from 2.3... 2.5 pm to 1.9 ... 2.0 um. The limits of rational reduction of rigidity have been
determined, beyond which excessive susceptibility of the drive begins to destabilize the process of molding. The scientific results substantiate
the effectiveness of optimizing the dynamic characteristics of drives in increasing the integral vibration resistance of equipment.

Keywords: face milling, vibration resistance, torsional oscillations, trace regeneration, torsional rigidity of the drive, surface roughness,
high-frequency vibrations, machine dynamics

Introduction

In modern mechanical engineering, increasing the productivity and quality of face milling is di-
rectly related to addressing the vibration resistance of metal-cutting machines. The dynamics of the
cutting process is accompanied by complex oscillatory phenomena, among which the most critical is
trace regeneration - a process in which the variable cross-section of the cut chips causes the development
of self-oscillations and loss of stability of the entire technological system.

In classical methods for assessing the dynamic stability of the milling process, primary attention is
paid to the analysis of elastic linear deformations of the bearing system, directed normal to the treated
surface. At the same time, tangential displacements, in particular, oscillatory processes in the drive of
the main motion, are often studied separately. This approach is traditionally supported by the hypothesis
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of weak coupling between the normal and tangent forms of oscillations, due to a significant divergence
in the spectra of their natural frequencies. However, such a decomposition of mathematical models leads
to significant simplification and does not fully capture the complex interactions among the machine’s
dynamic subsystems.

An analysis of the technical literature shows that the torsional vibrations of the spindle unit are an
important factor that determines the stability of the cutting system. Their presence causes continuous
microfluctuations in the tool’s angular velocity, which, in turn, result in a constant variation in the lag
time during the sequential passage of adjacent cutting edges. As a result, the kinematics of the chip
formation mechanism changes significantly: the trace regeneration factor (overlap coefficient) is trans-
formed into a non-stationary parametric value, functionally dependent on the amplitude-frequency char-
acteristics of the torsional deflections of the drive.

Thus, targeted optimization of the torsional stiffness of the main motion drive can be an effective
means of suppressing high-frequency elastic vibrations in the machine and improving the part’s rough-
ness parameters.

Analysis of recent research and publications

The intensity of vibrations during machining (turning, milling) is a key factor that adversely affects
the quality of machined parts, tool life, and overall productivity. The study of the regularities of the
occurrence and development of various types of oscillations (forced, free, and self-oscillations) is a
necessary condition for the assignment of effective cutting modes and processing strategies [1]. Chatter
vibrations significantly limit productivity, which requires improved tool geometry, in particular the use
of non-uniform tooth pitch cutters [2], and the development of reliable stability criteria for high-speed
machining [3]. One of the main features of milling dynamics is trace regeneration (track cutting), in
which each tooth removes chips with a variable cross-section whose parameters depend on the vibrations
caused by the previous tooth. In machine tool vibration calculations, this phenomenon is traditionally
modeled using a delay factor that depends on the time required for one spindle rotation or on the time
between passes of adjacent cutting edges.

Considerable attention in modern research is paid to metrological relationships between the instan-
taneous movements of the tool and the roughness of the resulting surface. It has been established that
during fine spherical milling, the tool overhang significantly affects the formation of the relief: for thin
tools, the dynamic deflections of the working part under cutting forces become decisive [4]. The problem
of improving quality and productivity is also extremely relevant when milling the planes of large-sized
workpieces, such as machine beds [5].

Another promising area is the development of real-time vibration detection systems without addi-
tional external sensors. To increase reliability and reduce the cost of monitoring systems, methods for
detecting vibrations that rely on analysis of current commands from the CNC system [6] and on the
application of disturbance observer theory, based solely on servo drive information [7], have been pro-
posed. In addition, the variational mode decomposition (VMD) method, combined with energy entropy,
is effectively used to analyze transient signals during cutting [8].

To predict the stability of the cutting process, mathematical and numerical modeling methods are
actively being developed. The dynamics of milling operations are studied using nonlinear models of the
“tool-workpiece” system [9]. A significant contribution to the development of the analytical apparatus
is made by improved methods of full sampling, in particular those based on the Runge-Kutta method
(RKCDM), which enable high-accuracy prediction of stability boundaries [10, 11]. New approaches are
also being developed to simulate the interaction between the cutting process and the machine in real
time using hardware directly in the control loop [12].

Dynamic problems arise during the fine milling of flexible thin-walled parts (e.g. structural ele-
ments) with low radial immersion. Since classical theories are insufficient in such cases, multi-frequency
solutions are used to accurately predict stability lobes [13, 14]. Dynamic milling behavior of thin-walled
components with complex shapes is often characterized by a predominance of resonance phenomena
over self-excited vibrations due to the short cutting length [15]. The complexity of cutting processes at
shallow depths of cut is confirmed by stability studies using semi-discrete methods [16], as well as in
micromilling, where the small diameter and low rigidity of the tool critically increase the risk of prem-
ature failure under the influence of vibrations [17].
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Process stability is also significantly affected by the dynamic characteristics of the spindle assem-
bly itself and the entire drive system. High-speed spindle systems operating above 20,000 min face
significant design challenges related to rotor and bearing-mount dynamics [ 18]. At the same time, it has
been shown that not only transverse but also tangential and torsional vibrations can radically alter the
stability limits of the cutting process [19]. Vibrations tangential to the treated surface (in particular, in
the systems of the main motion drive) turn out to be closely related to the forms of linear oscillations
orthogonal to them. Changes in the torsional stiffness of the drive and shafts directly affect the level of
both low-frequency oscillations (related to rotational speed and tooth frequency) and high-frequency
elastic oscillations of the carrier system. Experimental studies show that a drop in the torsional stiffness
of'the spindle leads to a sharp increase in the amplitude of torsional vibrations and variations in rotational
speed, which ultimately has a decisive effect on the output parameter of machining accuracy - the rough-
ness of the resulting surface.

To minimize negative dynamic phenomena, innovative methods of vibration damping and process
optimization are being developed. An effective solution to reduce vibrations in thin plates is to apply
partially limited bed damping and then optimize it under moving loads [20]. In addition, ultrasonic vi-
bration treatment (UVAM) using specially designed longitudinal torsional transducers has been suc-
cessfully used to reduce cutting forces during machining of complex composite materials [21].

In general, the cited literature indicates the complexity of combating vibrations during machining
and the need for a systematic approach, including improvements to diagnostic methods, mathematical
modeling, and optimization of the dynamic characteristics of technological systems, such as the stiffness
parameters of the main motion drives.

The purpose and objectives of the research

The aim of this study is to improve the vibration resistance of the face milling process and the
quality of the machined surface by optimizing the level of torsional vibration (torsional stiffness) of the
spindle assembly.

Objectives of the study:

— to develop a mathematical model of a closed dynamic system of a machine tool that takes into
account the non-stationary nature of the lag constant and angular velocity fluctuations caused by tor-
sional vibrations in the drive of the main motion;

— to determine the optimal value of the torsional stiffness of the drive, which provides effective
suppression of high-frequency vibrations of the machine;

— to determine the effect of the amplitude of torsional vibrations on the level of low-frequency and
high-frequency linear vibrations of the machine’s load-bearing system, as well as on the roughness of
the machined surface.

Materials and methods of the research

One of the main features of milling dynamics is its impact on the stability of trace or cut regenera-
tion. Each tooth of the cutter removes chips of variable cross-section, the changes in which depend on
the vibrations induced by the previous tooth. Under certain conditions, this phenomenon can lead to
increased oscillations and loss of stability. The assessment of the effect of torsional vibrations on the
mechanism of trace regeneration can be carried out using a method based on the theory of random pro-
cesses.

In the calculations of vibration resistance of metal-cutting machines, the phenomenon of trace re-
generation is described by including a multiplier determined by the lag in the dynamic characteristic of
the cutting process:

Wy =W (1= ge™"), (1)

where: W_ — dynamic characterization of the cutting process without delay; g — overlap factor; 7—lag

cut
time equal to the time of one spindle rotation when machining with a single-blade tool or the time be-
tween the passes of the two nearest cutting edges of a multi-blade tool; w — circular frequency of vibra-
tions normal to the treated surface.

Vibrations tangential to the surface to be treated, for example, vibrations in the drive systems of
the main and auxiliary motions, turn out to be strongly related to orthogonal forms of vibrations only
when the natural frequencies of vibrations are close. Usually, the natural frequencies of vibrations, nor-
mal and tangent to the treated surface, are very different, and therefore, the interaction of the
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corresponding vibration forms can be considered weak and the stability of the dynamic system of the
machine can be determined separately for each of the forms, taking into account only the effect of tor-
sional vibrations of the rotation drive on the change in the lag time.

The equations of motion of a closed dynamic system of a machine tool will be written down using
vector notations:

mi, +bjul +eu, =a;P, (j=1,2,...,n),

2)

- - Sa_ ) . )
T,P+P=->" I{Koc [u, () —qu;(t —T)]+K; T[ DZ"J[uj(t)—qu/(t—T)]},
Jj= T P

where: u; —normal coordinate of the elastic system of the machine;

m; ,b;,c, —reduced mass, coefficient of linear friction and stiffness for j-th eigenform;

IS(PX P, P )— cutting force;
T

cut

— chip time constant;

S — feed per revolution;

D — cutter diameter;

(Xj ((Xxj ’ (XVW- > (ij) = [COS(I/lj s X), COS(M/- ,y),cos(uj s Z)],

oP. oP, oP.

K( Px> P’KPz) { N 0 J’
’ a}’ ay ay
oP. 0P, oP.

K (KSw S_},KSz) (a 6 > azj
N N N

Let us move on to dimensionless time T=®-¢ and transform equations (2) into a system of integro-
differential equations:

i, +x Qi+ Qiu, =07 j ﬂeZ{y,r u, (t)—qu, (t=)]+B, [, (1) - qi, (x—t)}dT,  (3)

b, . : oo 5. P : oo Sa,,

where: x; = —==;0=wT;1, =wT;Q; :W’yﬂ =(o,Kp)a, B, = (o), Ks)| a,, — T,.
NS m; ; D

The lower limit of integration t,is determined from the condition that the constant component of

the solution vanishes.

Torsional vibrations in the spindle drive lead to changes in the dimensionless lag constant, as de-
scribed by the expression T = T, + &sinvt. The frequency of torsional vibrations is not related to the
frequencies of vibrations normal to the workpiece surface by any multiplicity ratios, and therefore the
values sinvt are distributed in the interval (-1, +1) according to the arcsine law [17]. Statistical pro-
cessing of torsional vibration oscillograms occurring in finishing boring and milling machines shows
that the distribution function of a positive random variable can be represented as:

%(&)= {2((AT) ) atOSc";SAr}, (4)

where: At — maximum rotation period deviation 7, from its average value t,. From this we obtain a

uniform distribution of the lag constant in the interval (t, —At,t, + A1) :

l Atat|rl rl|<Ar
x(T) = )

Oat|%l —1|>At
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Small random changes in the values f, of , depending on Sandt, , do not affect the stability of
the solutions of system (3), therefore B3, can be considered equal to their average values. However,

small changes in the delay constant significantly alter the values of the dynamic characteristic of the
cutting process (1), in which the overlap coefficient becomes different:

sin At sin WAt

s 6
AT o ®AT ©)

9

where: ¢, complies T=const.

The study of the stability of the solutions of the system (3) under the conditions of excitation of
several main oscillations can be carried out using a computer. However, it is useful to consider analyti-
cally the case of a single main oscillation, which is characteristic of many types of machine tools. In
vertical milling machines, oscillations develop in the opposite phase of the spindle head and the canti-
lever group.

Us extract from system (3) the equation describing the main oscillation in the direction of the nor-
mal to the work surface with a natural frequency ® , assuming that the interaction with other forms of
oscillation is weak:
sinA

T
Ar u(t— rl)} +

v[u(r) — 4,
U+Ku+u= O"Ie_T/ej e’

0

) dt . (7
sin At

B[ﬂ(r)—qo ﬂ(T—Tl)}

The condition for the stability of solutions of equation (7) in the most unfavorable case, when the
phase shift between u(t) and u(t—7,) is equal to © , has the form:

0 K K(0+07" +x)
Yy—10" + - < ; .
1+ g, (sinAt)/At 1+ g, (sinAt)/At

®)

With an increase in the interval in which the amplitudes of torsional vibrations are distributed, the
effect of trace regeneration on the stability of the closed dynamic system of the machine decreases. In
the limit, the stability condition (8) corresponds to the system without lag:

Y+ +)B<kO+07" +x).

From ratio (8), we determine the conditions under which regeneration of the trace changes the
margin of stability of the machine’s closed dynamic system by no more than 10%.
When milling, <0.7. Therefore, we require that sin At/At <0.14 , from which we find At > 3m/2

. This requirement is met under typical face milling conditions if the relative change in spindle speed
due to torsional vibrations reaches 7%.

In order to check the above theoretical ideas about the possibility of increasing the stability of the
dynamic system of the machine and reducing the level of linear oscillations in the direction of the normal
to the processed surface in the event of torsional vibrations of the cutter, as well as to assess the effect
of increasing the level of torsional vibrations on the accuracy of machining, an experimental study was
carried out. Dynamic processes during face milling under conditions of reduced torsional stiffness of
the drive of the main movement have been studied.

Reducing torsional rigidity was achieved by grinding the intermediate shaft of the vertical spindle
head. The shaft diameter ranged from 35 mm, the value accepted in manufactured machines, to 10 mm.

The experimental stand (Fig. 1) is assembled on the 6575B machine. When machining specimen
5 with milling cutter 6, linear vibrations are measured using strain probe &, fixed to bracket / with a
clamp on the spindle head sleeve 2. The tip of the probe slides over the surface of the measuring ruler 7
mounted on the machine table.

To measure torsional vibrations, a pulse sensor 4 is used, in the slot of which the rim of the disc 3
moves; the disc 3 has 30 equally spaced slots and rotates together with the cutter. The set of equipment
includes a strain gauge, an oscilloscope, and a rectifier to power the sensor.
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8 7 6 5
Fig. 1. Bench for measuring linear and torsional vibrations during milling

Torsional stiffness measurements were carried out under stepped loading of the spindle with torque
(Fig. 2, a). Mandrel ] with a square axial protrusion was installed in the cone of the vertical spindle. The
lever 2, with a square hole, was dressed over the mandrel protrusion and loaded using a torque bracket
3. The angle of rotation was determined by the readings of two indicators 4. Measurements were carried
out with the rotor of the electric motor stalled with the help of a massive bar (Fig. 2, b).

] 2

Fig. 2. Scheme for measuring the torsional stiffness of the main motion drive: stepped loading of the spindle
with torque (a); measurements with the rotor of the electric motor stalled (b)

The level of linear vibrations was determined from oscillograms as the average value of the dimen-
sion over two frequency ranges: low-frequency Pi.w, Which contains the tool rotation frequency and
tooth frequency, and high-frequency Phigh, which contains the elastic vibration frequencies of the sup-
porting system. Two quantities were adopted to characterize the level of torsional vibrations: the ampli-
tude of torsional vibrations ¢, and, expressed as a percentage, the change in rotational frequency caused

by torsional vibrations &or.

Discussion of results

The measured parameter of machining accuracy was the roughness of the treated surface. The results
of the experiments for six countershaft diameters (35, 20, 15, 12, 11 and 10 mm) are shown in Fig. 3.

Torsional stiffness changed from 350 to 250 Nm/rad. Torsional vibrations reached their maximum
(e1r=8%) at d=12 mm. Note that the absolute value of the torsional vibration amplitude remained be-
tween ¢,=0.5° and ¢,=2°. Linear vibrations reached their minimum at the same diameter.

It should be noted that low-frequency oscillations at d=12 mm have a level close to that detected
at the initial value d=35 mm, and high-frequency oscillations decrease when the shaft is turned by 2.5
times. This fact provides direct experimental confirmation of the developed theoretical model: torsional
fluctuations in angular velocity effectively destroy the regenerative mechanism underlying self-oscilla-
tions through parametric phase displacement and delays in the timing of adjacent cutting-edge passes.

MEXAHIYHA IH)XXEHEPISI TA MAILIMHOBY IYBAHHS1 / MECHANICAL ENGINEERING AND MACHINE BUILDING



45
ISSN 2076-2429 (print) [Tpani Onmecykoro nomiTexHiYHOTO YHiBepcuteTy, 2026. Bum. 1(73)
ISSN 2223-3814 (online) Proceedings of Odessa Polytechnic University, Issue 1(73), 2026

With further reduction of the shaft diameter to 11...10 mm, a deterioration in dynamic indicators is
observed. This indicates that there is a rational limit to reducing torsional stiffness, beyond which ex-
cessive drive compliance begins to destabilize shaping.

400
Phigh ~~] §
£ 300 /
200F 200, 20 30
Shaft diameter, mm
a Etor, Y0
Piow 8 §7__T7
7 7‘ 6k
100k 100 s
_T _?
7 7 ‘Q _s 4k
7 %
0 0 w 0
10 11 12 15 20 35 10 11 12 15 20 35 10 11 12 15 20 35
Shaft diameter, mm
b

Fig. 3. Effect of torsional stiffness changes on oscillations: torsional vibrations (a); linear vibrations (b)

Roughness decreased slightly when moving from d=35 mm to d=12 mm: from Ra=2.3...2.5 pm
to Ra=1.9...2.0 um. This change is due to the near-complete elimination of dynamically generated
microroughnesses superimposed on the profile.

Thus, the usefulness of torsional rigidity optimization is confirmed in both dynamic and accuracy terms.

Conclusions

Studies have shown that torsional vibrations in the main drive play a critical role in ensuring the
dynamic stability of the face milling process. It has been analytically substantiated and experimentally
confirmed that a deliberate reduction in the torsional stiffness of the spindle shaft induces continuous
microfluctuations in the tool’s angular velocity. This effect destabilizes the kinematics of the trace re-
generation mechanism, rendering the overlap factor non-stationary and effectively suppressing the con-
ditions for self-excitation of the system and the development of self-oscillations.

Full-scale tests have demonstrated that when a rational level of tangential oscillations is reached,
the amplitude of high-frequency linear vibrations in the machine’s bearing system is reduced by a factor
of 2.5. Suppression of orthogonal vibrations directly correlates with improved processing quality, yield-
ing a statistically significant reduction in high roughness parameters of the formed microrelief. Thus,
parametric optimization of the torsional stiffness of drive elements is a technologically feasible method
to increase the overall vibration resistance of milling machines.

Further prospects for research in this direction lie in the development of a comprehensive engi-
neering method for the analytical calculation of optimal torsional stiffness values for various kinematic
schemes of spindle joints.
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