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Influence of regenerative effect
and mode coupling on the stability of milling operations

Abstract. Quality of milling operations requires dynamic stability of the process, which depends on the tool geometry,
structural rigidity and type of vibrations. The study aimed to identify the influence of internal dynamic disturbances on
the milling process, in particular, the mechanisms of self-excited vibrations arising from vibrational interactions and
residual irregularities of the machined surface. The methodology included a comparative analysis of milling stabilisation
models with an assessment of their advantages, limitations and practical recommendations for implementation in real
production processes. Mathematical models were presented that addressed the effects of time delay and the interaction
between the directions of oscillation of the tool and the workpiece. The study determined that repeated contact of the tool
with the irregularities of the pre-treated surface leads to a variable thickness of the material layer and forms an unstable
operating mode. The interaction between different oscillatory modes, when machining flexible or thin-walled parts, leads
to more complex self-oscillatory processes, including chaotic oscillations. The most promising for practical use are models
with adaptive control, which can respond to changes in process parameters in real time. The study established that the
dynamics of the milling process significantly depend on the geometry of the tool, the length of the protrusion, stiffness,
mass-inertial characteristics, and wear of the cutting part. Process damping, caused by the side contact of the tool with the
workpiece, reduces the amplitude of vibrations in the low-frequency range. The control structure based on the system’s state
vector included position, speed, vibration amplitude, spindle speed and tool feed. None of the methods is universal, so it
is advisable to apply an adaptive approach to choosing a stability model, considering constructive, dynamic and economic
factors. The practical value of the results is that they can be used by engineers and technologists to implement adaptive
milling control to reduce vibrations and improve machining accuracy

Keywords: self-oscillation; delayed system; multimodal dynamics; semi-sampling; state vector; intelligent control;
adaptive modelling

INTRODUCTION
The stability of milling processes is one of the key fac- attention is being paid to the phenomenon of vibration
tors determining the quality, productivity and econom- chatter, a self-excited oscillation that can cause signifi-
ic efficiency of 21st-century machine building. Increased cant deterioration in machining, tool wear and damage to
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the workpiece. The two most influential mechanisms that
cause chatter are the regenerative effect and mode cou-
pling. The complexity arises from the simultaneous action
of these two types of chatter, as their interaction creates
additional difficulties in predicting stability limits. This is
driving the growing use of flexible and complex structures
in industries such as aerospace, micromechanics, ortho-
paedic surgery, and automated manufacturing.

The regenerative effect and mode coupling significant-
ly complicate the prediction of milling process stability in
conditions of variable stiffness or high-speed machining,
and the problem of double chatter (regenerative and mode
chatter simultaneously) is a significant aspect. Neglect-
ing their interaction can lead to inaccurate stability pre-
dictions, as confirmed by M. Mobaraki & J. Ratava (2023).
The study found that only adaptive vibration absorption
systems tuned to the frequency overlap of the modal and
regenerative chatter can provide effective vibration damp-
ing and, accordingly, significantly expand the limits of
stable operation. The study developed an adaptive tuning
strategy for the Tunable Vibration Absorber (TVA), which
extended the limits of stable processing and, for the first
time, addressed the frequency overlap between the two
types of chatter.

A significant area of research was the influence of tool
geometry on the appearance of self-oscillations. For exam-
ple, machining parts of complex shapes with deep cavities
is accompanied by specific instabilities, as proved in the
study by X. Wang et al. (2024). The study confirmed that the
use of curved blades leads to a significant narrowing of the
stability region and, based on this, developed refined rec-
ommendations for the selection of geometric parameters
of cutters for such conditions, which improved forecasting
methods and rendered the results more suitable for prac-
tical applications. Generalisation of approaches to chatter
suppression, including a combination of active and passive
vibration control methods, determined their effectiveness
in different production conditions. Z. Li et al. (2024) found
that hybrid damping technologies demonstrate maximum
efficiency in a wide range of production conditions. This
provides the ability to flexibly configure self-oscillation
suppression systems depending on the specific situation
and justifies the optimality of the combined approach for a
wide range of machining conditions.

C. Liu et al. (2024) proposed a new numerical model
capable of taking into account the characteristics of var-
ious types of parts, from thin-walled to massive, and ob-
tained results that indicate a significant increase in the
accuracy of predicting critical cutting modes without the
need for large experimental databases and made it possible
to use such models in real production conditions without
significant costs for experimental verification. Configura-
tion-dependent dynamics of robotic milling systems is also
a promising area of research. B. Li et al. (2025a) demon-
strated that the change in stiffness and modal parameters
along the manipulator’s trajectory can be used for accurate
prediction of the appearance of unstable areas and thus
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significantly increases the efficiency of automated produc-
tion. The created model predicts unstable areas with high
accuracy, which provides a new level of stability for robotic
milling of complex parts.

The need to accommodate the spatial variation of the
modal parameters of milling systems was presented in the
study by H. Tian et al. (2024), dedicated to the stability of
machining in orthopaedic robotic systems. The study de-
termined that even minor changes in the tool position
cause fluctuations in modal frequencies, which directly
affect the probability of chatter. The study quantified this
dependence and built more accurate stability models for
position-sensitive objects, which is key for milling complex
geometric surfaces.

The Ukrainian scientific community is also increasing-
ly emphasising the problem of self-oscillations in milling
operations, particularly in the context of machining thin-
walled and flexible parts. The problem of self-oscillations
in milling operations is critical to the accuracy and quality
of machining. S. Dyadya et al. (2022) investigated the rela-
tionship between vibration parameters and the quality of
the moulded surface during milling. The study found that
even low-frequency vibrations can significantly worsen the
microgeometry of the machined surface, especially in thin-
walled or flexible workpieces. This laid the groundwork for
practical strategies to improve process stability. To ensure
safe and efficient machining of thin-walled parts, it is es-
sential to determine the zones of stable operation without
chatter. Y.V. Petrakov et al. (2024) addressed the adaptive
determination of cutting parameters that prevent the oc-
currence of self-oscillations. The study significantly con-
tributed to the methodology for calculating chatter-free
modes, adapted to the conditions of variable stiffness of
structures. Of value is the integration of this methodology
into computer numerical control systems, which made it
possible to provide real vibration control during machin-
ing in an automated environment. The importance of in-
tegrating advanced digital and additive technologies in
machining is also highlighted in research V. Doroshenko
& 0. Yanchenko (2023) emphasised the prerequisites for
the introduction of 3D technologies in the production of
metal products, demonstrating that process innovations
not only expand manufacturing capabilities but also set
new requirements for stability and quality assurance in
machining operations. This corresponds with the growing
trend towards adaptive and hybrid approaches in vibration
suppression strategies.

Despite previous studies, most existing models are lim-
ited in their applicability in conditions of variable real-time
dynamics. The influence of combinations of regenerative
and mode chatter in adaptive milling processes has not
been sufficiently investigated. Problems also arise in the
optimisation of robotic systems, where traditional meth-
ods do not address variable configuration and multiphase
dynamics. Linear models do not include position-depend-
ent dynamics, multimodality, and nonlinear phenomena,
which are critical for real-world production conditions.
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Therefore, the study aimed to determine the regular-
ities of interaction of internal sources of self-oscillations
in high-speed machining processes and to generalise ef-
fective approaches to ensuring stable dynamics of milling
equipment under conditions of complex vibration interac-
tion. To achieve this goal, the following tasks were set: to
classify the main types of self-oscillations that occur dur-
ing milling, taking into account the features of the geom-
etry, stiffness and tool trajectory, to analyse the effective-
ness of mathematical and numerical models for predicting
stability in complex machining dynamics, and to formulate
practical recommendations for choosing the appropriate
stability model depending on the type of task, design con-
straints and type of equipment.

MATERIALS AND METHODS

The study analysed the dynamic effects that affected the
stability of the milling process, in particular, oscillations
resulting from feedback and mode interaction. The crite-
ria considered included the accuracy of predicting stabil-
ity limits, the influence of geometric and dynamic tool
characteristics, adaptability to changing machining con-
ditions, and the possibility of practical implementation in
high-precision manufacturing.

The study included 3 stages. At the first stage, a theo-
retical analysis of the mechanisms of dynamic instability of
the milling process was conducted regenerative chatter and
mode coupling. A mathematical model based on time-de-
lay differential equations was presented, which consid-
ered the repeated contact of the cutter with the machined
surface and the interaction between the vibration modes.
The stage aimed to form an analytical basis for identify-
ing the conditions of self-oscillations and determining the
limits of stability depending on technological and design
parameters. The presented model became the basis for the
construction of the Stability Lobe Diagram (SLD) and jus-
tification of further approaches to process stabilisation.
Time-delay system, where the change in chip thickness
depends on the current tool position and the previous tool
position by a time (delay) (Insperger et al., 2015):

h®)=x(®)-x(t-T), M

where: h(t) — Clip thickness at the current moment; x(t) -
current tool position; x(t - T) — previous tool position at
time T (time delay between the current and previous tool
contact with the workpiece due to the regenerative effect).
This describes the key characteristic of the model, the de-
pendence of chip thickness on the current and previous
tool position. It is this relationship that reflects the regen-
erative effect, which is one of the main causes of vibrations
in milling. Without this equation, it is impossible to de-
scribe the effect of lag on the cutting process.

The cutting force F(t) is defined as proportional to the
chip thickness as follows (Faassen et al., 2003):

F(t) =K, x h(t) =K, x (x(t) -x(t - T)), @)

where: F(t) — force acting on the tool during machining,
which depends on the chip thickness, which varies due
to tool movement and machining geometry; K, — system
stiffness factor (may depend on the workpiece material,
tool type and other physical characteristics of the system).
The equation defines the cutting force as a function of chip
thickness, which directly links the process mechanics to the
geometrical parameters of the cut. This basic relationship
quantifies the interaction between the tool and the work-
piece and is the starting point for further stability analysis.

The motion of the tool is described by Newton’s second
law or the equation of a one-degree-of-freedom oscillatory
system (Breitenbach, 2025):

mx(t) + cx(t) + kx(t) = F(0), 3

where: m - tool mass; ¢ — damping coefficient; k — stiffness
coefficient; x(t) - tool velocity at time t, i.e., tool displace-
ment rate; ¥(t) — tool acceleration at time t. This equation
summarises the effects of tool mass, stiffness and damping
on tool vibrations due to cutting forces. Without this equa-
tion, it is impossible to conduct a mathematical analysis of
the dynamic stability of the process.

At the second stage of the study, a comparative analy-
sis method was used to systematise existing approaches to
modelling and ensuring the stability of the milling process.
A comparative typology of models was formed: three-di-
mensional Stability Lobe Diagram (3D SLD) with positional
dependence (analysis of the influence of the tool’s spatial
position and local stiffness on the stability limit), Non-
linear Delay Differential Equation (NDDE) models with
bifurcations (describing the behaviour of systems with
self-oscillations, bifurcations and chaotic modes, which is
critical for flexible parts), variable spindle speed methods
(practical strategies for suppressing chatter by modulating
the input signal without modifying the design), 6 Degrees
of Freedom (6DOF) robotic system models (accounting for
the kinematics of robotic systems with multiple degrees of
freedom), models with uncertain parameters (accounting
for statistical fluctuations in stiffness and damping typi-
cal of manufacturing conditions), and multimodal milling
approaches (modelling the interaction of multiple fre-
quencies simultaneously — a typical situation in complex
machining paths). The models were selected to cover the
most common destabilisation scenarios that can occur
when milling different types of workpieces, with different
geometries, stiffnesses, and in different design conditions
(traditional and robotic systems). This concluded on the
relevance of using certain methods depending on the pro-
duction scenario.

At the third stage, the results of the comparative anal-
ysis were summarised, which formulated practical recom-
mendations for choosing the most effective methods of
milling process stabilisation for different production sce-
narios. For each of the approaches, the advantages, limi-
tations in practical implementation, and recommenda-
tions for use in mass production were analysed separately.
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Evaluation criteria included computational complexity,
sensitivity to input parameters, flexibility of adaptation to
different materials and types of workpieces, and compli-
ance with industry requirements (aerospace, mechanical
engineering, robotic systems). This typological approach
identified the most relevant methods for specific produc-
tion tasks and formulated reasonable recommendations
for their implementation. The Zotero bibliography manag-
er (version 6.0) was used to organise bibliographic sources,
make references and systematise scientific publications,
which ensured proper citation accuracy and uniformity of
references in the process of preparing the paper.

RESULTS
Mathematical model
for predicting stability in milling processes
One of the main problems in milling is dynamic instability,
in particular chatter, which reduces machining quality, tool
life and accuracy, and is caused by the regenerative effect
and mode coupling. Regenerative chatter occurs when the
cutter repeatedly contacts a surface that already contains
irregularities formed by the previous tooth. This creates a
delay in the system, which is a source of self-oscillation.
A typical mathematical model is a time-delay system in
which the current chip thickness is defined as a function
of the previous coordinates. The model is classified as a
Differential Delay Equation (DDE) and is used to construct
stability limits in the form of SLDs. The use of modified
semi-sampling methods incorporates the dependence of
stability on tool position and changes in damping.

Regenerative chatter is a typical self-oscillatory pro-
cess caused by the cutter coming into periodic contact with
a surface that has already been machined by a previous
tooth. This creates a variable chip thickness and a time
delay equivalent to the tool rotation period. This dynamic
creates a feedback loop in the system, making it potentially
unstable. This effect is modelled as a DDE equation where
the chip thickness depends on the previous tool position
(Formula 1) and the cutting force is proportional to this
thickness (Formula 2). The resulting equation, which in-
cludes inertial, damping and elastic components (Formu-
la 3), was used as a basic model for interpreting self-oscil-
lations and is the basis for building an SLD to analyse the
stability limits of the milling process.

The phenomenon of mode coupling occurs when two
or more interdependent vibration modes are present, par-
ticularly in flexible or thin-walled workpieces as well as in
multi-axis robotic systems. Typical examples are the inter-
action of bending and torsion in long tools or in parts with
complex geometries. In such conditions, multi-frequency
dynamics are observed, which can lead to a loss of stabil-
ity. To describe this phenomenon, a model with two cou-
pled degrees of freedom is used, where each direction has
unique parameters of mass, stiffness, and damping (Faas-
sen et al., 2003):

mx(t) +cx(t) + kx(t) =K, x (x(t) - x(t - T). “
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A typical mathematical model for two cou-
pled degrees of freedom — a system of two equa-
tions for two different vibration modes (e.g., in
the X and Y directions) that covers inertia, damp-
ing, and stiffness for each mode - is as follows:

(mxi+cxx+kxx:Fx(hx(t))) (5)
myy+cyy+kyy=F, (hy (1)) )

where: m,, m, - tool masses in the X and Y direc-
tions; %, y — accelerations in the X and Y directions;
¢, ¢, — damping coefficients for each direction; k,,
k, - stiffness in the X and Y directions; F(h (1)),
F,(h,(t)) - forces acting on the tool, which depend on
the chip thickness and vary over time due to the re-
generative effect. The interaction between the axes
is considered through off-diagonal elements in the
stiffness and damping matrices, which can be used
to model the energy exchange between modes.

For mode coupling, it is critical to consider the
interaction between two vibrational modes. This
means that a displacement in one direction (e.g., x)
can generate a force in the other direction (y) and
vice versa. This interaction can be modelled through
off-diagonal elements in the stiffness matrix. An
extended system to account for the interaction be-
tween modes is given by T. Insperger et al. (2015):

(6 @@+ [ 2@+

ke kxy _ [Fe(ha(t)
o o eover=[E6@], ©
where: ¢, ¢, — damping coefficients that address

the interaction between the X and Y directions (a
change in velocity in one direction can affect the
damping in the other); k, k, - elements of the
stiffness matrix that describe the interaction be-
tween the X and Y directions (if these elements are
non-zero, then a change in one direction (x) causes
a change in the other (y)).

For ease of calculation and analysis, the system
of equations can be written in matrix form, where
each element of the matrix will be responsible for
the corresponding value of the system (Insperger et
al., 2015):

Mii(t) + Ci(t) + Ku(t) = E(t), )

where: M - mass matrix; C - damping matrix; K —
stiffness matrix; ii(t) — displacement acceleration;
u(t) — displacement velocity.

SLD is a key tool for visualising the boundaries
between stable and unstable milling operations. It
can be used to graphically determine the critical
cutting modes at which the system enters an un-
stable state, accompanied by the development of
self-oscillations (chatter). In the classical case, SLD
construction is based on solving a regenerative DDE
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model, with the determination of the delay time based on
the rotation parameters. In this case, stability is analysed
using a spectrum of Lyapunov’s indices, where the transi-
tion to instability occurs when one of them is zero. This
can be used to calculate the critical plunging depth for each
spindle speed. The SLD is constructed by determining the
set of pairs (N, a) for which the system enters the unstable
mode. This identified the “frontal structures” characteris-
tic of milling, which are shaped as petals on the graph. In
the case of two vibration modes (in the X and Y directions),
the stiffness matrix is as follows (Faassen et al., 2003):
kx kxy
k=l ®
The presence of non-zero off-diagonal elements (k,,
k,) indicates that displacement in one direction generates
forces in the other. This leads to complex self-oscillatory
behaviour, such as bifurcations, quasi-regular oscillations
or chaotic fluctuations, especially when the local stiffness
is low or the damping is poor. In industrial applications,
this can occur when machining aluminium or titanium
panels, shell structures, or when the tool is unstable or
insufficiently rigid. Classic examples include milling long,
flexible parts or using six-degree-of-freedom manipulators
where geometric complexity and poor damping contribute
to resonant excitation. Particularly critical is the incor-
rect distribution of damping, where compensation of one
mode can cause resonance in another. This approach can
be used to perform modal analysis - to identify the natural
frequencies and vibration forms of the system, as well as
to assess the limits of its dynamic stability. Consideration
of mode coupling is essential for accurate SLD prediction
in milling operations involving complex trajectories or the
interaction of several vibrational modes.
In the classical case, SLD construction is based on the
Dynamic Data Exchange (DDE) analysis, which describes a
regenerative chatter, where the latency is defined as (Faas-

sen et al., 2003):
60

T=22 )

Nxz’

where: N - spindle speed per minute (rpm), i.e., tool rota-
tion frequency (a critical parameter because the rotation
speed affects the system’s vibration frequency and how fast
the tool moves); z - number of teeth on the tool (deter-
mines how often the tool comes into contact with the ma-
terial during machining, which affects the amount of force
transmitted through the system); 60 — constant factor used
to convert minutes to seconds, ensuring correct calculation
of the time for one tooth to pass.

Numerical methods such as the Semi-Discrete Meth-
od (SDM), modal analysis, time-domain simulation, and
the Galerkin method are used to accurately calculate sta-
bility limits (Altintag & Budak, 1995; Faassen et al., 2003).
These methods can build a stability diagram in more com-
plex systems, incorporating the various factors that affect
the stability of the machining process. In the stable zone,
the solution does not grow over time, and the limit of

instability is determined when one of the indicators be-
comes zero. This calculated the critical cutting depth q,,
for each mode (Zheng et al., 2014):

Qi =55 X RIGG@)] ™, (10)
where: h - chip thickness removed during one tool pass (var-
ies depending on the depth of cut and machining speed);
jow — complex frequency, where j — conditional unit, and o -
real frequency; R[G(jw)] — modulus of the system frequen-
cy response function that describes the amplitude of the
system frequency response at a certain frequency point jo.

The dynamics of the milling process depend heavily on
the tool geometry, including the length of the protrusion,
stiffness, mass-inertial characteristics and wear of the cut-
ting part. Long and thin tools show increased sensitivity to
the excitation of bending and torsional modes, which con-
tributes to the appearance of both mode and regenerative
chatter. The behaviour of the system is multidimensional
with the presence of inter-axial (cross-mode) interaction,
which is confirmed by models in the three-dimensional co-
ordinate space (X, Y, Z). SLD is extended to three-dimen-
sional or parametrically dependent diagrams as follows
(Altintas & Budak, 1995):

SLD=f(N, a, p), (1)

where: a — depth of cut (the distance to which the tool pen-
etrates the material during machining, the depth of cut af-
fects the cutting forces and, accordingly, the stability of the
process); p — parameter that determines additional system
characteristics (variable stiffness, spindle speed, number of
degrees of freedom of the system).

The interaction of oscillations in different directions
can lead to multi-frequency modes and loss of stability. The
lag caused by the regenerative effect creates conditions for
the growth of self-oscillations even in the absence of ex-
ternal disturbances. In a discrete form, this is expressed
through the dependence of the cutting force on the previ-
ous coordinate values, which reflects a time-delayed differ-
ential equation (DDE model). The dynamics of the milling
process is largely determined by the tool geometry, i.e., the
length of the protrusion, stiffness, mass-inertial character-
istics, and the state of the cutting edge (including wear).
For a generalised description of an elastic mechanical sys-
tem with a regulatory delay that incorporates vibration ef-
fects and possible multi-frequency modes, the equation of
motion is given by T. Insperger et al. (2015):

M;(6)+ Cy(t) + K () =F.(h(D)). (12)

Process damping, caused by the lateral contact of the
tool with the workpiece, can reduce the amplitude of vibra-
tions in the low-frequency range. This effect shows a de-
pendence on the cutting speed and depth of cut, address-
ing the influence of geometry and feed. The actual milling
process is three-dimensional, as cutting forces are gener-
ated in all spatial directions. Therefore, it is necessary to
address the complex dynamic behaviour of the system in
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X, Y, Z. System matrices are used to describe the behaviour
(Faassen et al., 2003):

M)+ C,() + K () =F(q(t), q(t-T)).

This representation can address cross-mode interac-
tion (for example, when fluctuations in X stimulate fluc-
tuations in Y). The delay caused by the regenerative effect
creates conditions for the dynamic growth of fluctuations
even without an external perturbation.

Due to the complex and multifactorial dynamics of the
milling process, classical control methods (linear control-
lers or fixed models) are ineffective in the face of changing
machining modes and structural instability. This substan-
tiates the feasibility of introducing intelligent stabilisation
systems based on Deep Reinforcement Learning (DRL).
DRL can be used for adaptive control that considers varia-
ble system state parameters, such as position, speed, vibra-
tion amplitude, spindle speed, and tool feed. In a discrete
formulation, it functions as a force dependence on previous
coordinate values (Altintasz & Budak, 1995):

F(t) =K, [x(t)-x(t-)].

Process damping is caused by the contact between the
tool side and the workpiece, which is particularly evident
at low feeds or high plunging depths. This phenomenon is
nonlinear in nature and contributes to a reduction in the
amplitude of vibrations, mainly in the low-frequency range.
The mathematical description of such effects belongs to the
class of time-delay equations (DDEs), which require the use
of specialised solution methods, such as the Semi-Discreti-
sation Method (SDM), Impedance Response Function (IRF)
or Pade approximations. Based on the current state of the
system, Deep Reinforcement Learning (DRL) generates a
control signal that is fed to the piezoelectric actuator to ac-
tively suppress vibrations. The process damping is modelled
as an additional force proportional to the tool speed and
dependent on the depth of cut (Tuysuz & Altintas, 2019):

de(t) = de x X(t) x f(daxial)? (15)

where: f(d,,,) — function that addresses the dependence
of damping on the depth of cut. These equations help to
accurately describe the dynamics of the milling process,
incorporating the various factors that influence machin-
ing stability. Due to the complex dynamics of the milling

(13)

(14)

Grechaniuk & Varodov

process, classical control methods are mostly ineffective,
which increases the need for intelligent stabilisation
systems such as DRL, which provides an adaptive re-
sponse to changes in machining conditions and reduces
vibrations. The state vector in such control systems and
modelling of vibration processes, in milling and mecha-
tronic tasks, is represented as (Altintas & Budak, 1995):

s() =[x x, a,, N, a,], (16)

where: a,;, — vibration amplitude (a significant indicator of
process stability and affects the quality of machining); a, -
parameter that characterises the tool feed during machin-
ing. To optimally control the milling process and reduce
tool vibrations, a control scheme is used that incorporates
the current state of the system (Sutton & Barto, 2014):

u(t) =m,(s(t)),

where: u(t) - control signal that determines the action to
be taken based on the current state of the system; mr,(s(t)) -
function that generates a control signal that depends on
the state vector s(t). This described the process of generat-
ing a control signal as a function of the current state, with-
out using fixed parameters.

Taken together, these equations provide a universal
mathematical description of milling that provides simul-
taneous analysis of process stability, prediction of critical
conditions, evaluation of the effects of geometry, material
and machining parameters, and development of effective
active vibration suppression strategies. This creates a con-
sistent, multi-level model that combines physical process
mechanics, analytical stability methods and adaptive con-
trol algorithms.

(17)

Classification and recommendations for technological
efficiency of chatter reduction methods

Ensuring stability during milling is a critical factor in
achieving high precision and productivity. The develop-
ment of stability models addressed a wide range of factors,
from regenerative chatter and mode interaction to the
adaptive behaviour of robotic systems, which tailors the
process to the specifics of the task. Table 1 presents these
approaches, demonstrating the relationship between the
type of model, the chosen stabilisation technique and its
application in industry.

Table 1. Comparison of stability methods for milling with damping and tool parameters

Stability analysis and
influence of parameters

Model type

processing

Methods of stability in

Application and scope of use

on machining

SDM (semi-

Change in stability when discretisation) +

changing tool position
for thin-walled parts,
considering process
damping

3D Stability
Lobe Diagram
with position

dependence

of the toolpath to
account for changes in
stiffness and damping

positional discretisation

Building a 3D SLD for milling thin-walled components,
analysing the impact of process damping on stability limits,
and applications in the aerospace industry. Using 3D SLD to

machine thin-walled aluminium aircraft panels where positional
dependence reduces regenerative chatter. Optimising the milling
of curved turbine blade surfaces to reduce vibrations.

Modal and regenerative Galerkin method

NDDE + chatter, bifurcations, for projection of
nonlinear effects of tool wear and nonlinear equations,
model part flexibility, chatter mode summation for

suppression with TVA multimodal behaviour

Analysis of stability and chaos zones, use of TVA for chatter
suppression, and prediction of bifurcations in nonlinear systems.
Application of TVA to suppress mode coupling in the milling of
flexible titanium plates in aircraft components. Predicting chaotic
behaviour in thin shell machining for aerospace structures.
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Stability analysis and
influence of parameters
on machining

Model type

processing

Methods of stability in

Continued Table 1.

Application and scope of use

Influence of different Time-domain

Comparison of speed modulation strategies for chatter
suppression, optimisation of variable speed machining modes.

Vsaréi%le fﬁﬁiﬁéﬁ?gﬁﬁ;éﬁﬁﬁd simulation + SDM for The use of sinusoidal speed modulation to reduce regenerative
re egerat’ion triangular) on the > building SLDs with chatter in the machining of aluminium parts in the aviation
8 s tat%illlit limits variable velocity w(t) industry. Application of triangular modulation for milling steel
Y components in mechanical engineering.
Milling stability for . SLD analysis for flexible robotic systems, optimisation of
. industrial robots with Fully discrete method machining modes for robots based on their kinematics. Use of
RObgfgcngOF 6 degrees of freedom, gofr drgll;ngg%%lffi (;-lel;ftli(;r]l the 6DOF model to stabilise milling in orthopaedic surgery by
considering the flexibility ey Lations reducing mode coupling. Optimising the handling of large parts
of the arm a in automated production.
Assessment of SLD reliability, analysis of the impact of
T}:Zreif;fgno(fs%af;i?siter IRF + probabilistic uncertainties on machining stability, and application in
Unspecified damping) on SLD ’ a roac% 0 assessin production. Application of a probabilistic approach to evaluate
parameters ping pp S 8 the regenerative chatter in titanium alloy milling in mass
accuracy in real-world uncertainties - . . - L
roduction environments production. Analysis of the impact of stiffness uncertainties on
p the stability of composite materials processing.
Stability Cloud Trajectory assessment of instability zones, optimisation of robot

Stability dependence

- Simulation to assess
on robot configuration,

Multi-modal

robotic ; pene instability zones
milling multlénodal milling depending on the
ynamics -
trajectory

configuration for milling. Using Stability Cloud Simulation to

reduce mode coupling when milling complex parts in robotic

systems for the aviation industry. Optimising paths for highly
loaded robots in large component manufacturing.

Source: compiled by the authors based on X. Liu et al. (2024), D.R.V. Naranjo et al. (2024), ]J. Wu et al. (2024), H. Tian et
al. (2024), K. Guo et al. (2025), B. Li et al. (2025b), Y. Du et al. (2025), J. Jia et al. (2025), K. Nasiri & H. Moradi (2025)

In a production environment, the efficiency of the
milling process depends not only on the basic parameters
of the machining mode, but also on the ability of the sys-
tem to adapt to instabilities caused by vibrations, variable
stiffness, geometric design features or material uncertain-
ties. Various stability models are used for this purpose.

Table 2 provides a comparative analysis of the models, in-
dicating their strengths, weaknesses, and practical recom-
mendations for implementation. This approach identified
the most relevant methods for various production scenar-
ios, from machining thin-walled structures to milling in
complex robotic systems with multimodal dynamics.

Table 2. Analysis of the effectiveness of milling stability methods under production constraints

Model type Advantages

The method addresses positional
variations in stiffness and
damping, providing accurate
prediction of stability limits for
thin-walled components widely
used in the aerospace industry.
The 3D SLD provides a detailed
stability map that helps optimise
machining conditions for parts
with variable geometries. The
method integrates damping
effects, which improves the
accuracy of chatter prediction in
real-world conditions. Widespread
use in the aerospace industry can
be used for machining lightweight
structures with increased accuracy
and minimal vibration.

3D Stability Lobe Diagram
with position dependence

Disadvantages Recommendation

SDM requires significant
computing resources,
particularly for complex
toolpaths or large parts. The
method is optimised for thin-
walled parts, which reduces
its effectiveness for massive
or rigid components. Correct
3D SLD construction requires
accurate measurements of
dynamic parameters (stiffness,
damping), which can be difficult
in real-world conditions. Small
deviations in the toolpath may
require recalculation of the SLD,
which complicates the process.

Milling thin-walled parts
in the aerospace industry,
such as aircraft panels or
turbine blades. Combine
with experimental tests to
refine stiffness and damping
parameters before building an
SLD. Use of specialised tools
(Matrix Laboratory (MATLAB)
or ANSYS) to automate SDM
and reduce computational
costs. Planning the toolpath to
minimise positional changes
that affect stability.

The method incorporates
mode and regenerative chatter,
bifurcations, and chaos, which can
be used to analyse the behaviour
of flexible parts. The use of
TVA ensures effective vibration
reduction in real time. The model
can estimate the effect of wear
on stability, which improves the
accuracy of predictions for long
machining processes. The Galerkin
method provides an analysis of
multimodal dynamics, which is
effective for complex systems with
multiple frequencies.

NDDE + nonlinear model

NDDE analysis requires
significant computing resources
and specialised software.
Setting up and integrating
vibration absorbers in an
industrial environment can
be costly and technically
challenging. The effectiveness
of TVA depends on the precise
determination of system
parameters, which requires
additional measurements. The
method is effective for flexible
parts, but less appropriate for
rigid structures.

Machining of flexible wafers
or parts with a high risk of
nonlinear chatter, e.g., in the
aviation industry. Conducting
laboratory experiments
to determine optimal TVA
parameters before industrial
use. Combination with active
controllers (soft-actor-critical
or fuzzy controllers) to increase
efficiency. Use of numerical
modelling tools (DDE-
BIFTOOL) to analyse nonlinear
effects.
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Model type Advantages

Speed modulation (sinusoidal,
triangular) effectively reduces
regenerative chatter. No
complicated changes to the
machine or tool design are
required, just the speed setting.
Different modulation shapes
(sinusoidal, triangular) can
be used to adapt the model to
different materials and machining
conditions. Increases productivity
without significant investment in
equipment

Variable speed, regeneration

Disadvantages

Efficiency depends on the
correct choice of modulation
form, which requires
preliminary testing. The
method is less effective for
parts with uneven stiffness
or complex trajectories.
The choice of modulation
frequency and amplitude
requires experimental data. Less
effective for materials with low
regenerative chatting

Grechaniuk & Varodov

Continued Table 2.
Recommendation

Processing materials with a
high risk of regenerative chatter
(aluminium alloys). Conducting
tests with different modulation

shapes (sinusoidal, triangular)
to determine optimal
parameters. Using SDM to
accurately predict the stability
limits at variable speeds.

Integrate speed modulation
into numerical control systems

for automatic tuning.

The method considers the
flexibility of the manipulator
and the kinematics of the robot,
which ensures accurate stability
prediction. It can be used to
configure machining modes
for robots with 6 degrees of
freedom, which is a priority for
manufacturing. The fully discrete
method provides fast analysis of
delayed differential equations. The
method adapts to complex robot
trajectories.

Robotic 6DOF model

The method was developed for
robotic systems, which reduces
its effectiveness for traditional
machine tools. Accuracy
depends on detailed data on the
kinematics and flexibility of the
manipulator. Implementation
in real-world conditions may
require modification of the
robot’s software. Less effective
for machining rigid parts

Milling in automated
production with industrial
robots. Conducting experiments
to determine the flexibility
parameters of the manipulator.
Use of SLD to build a robot
kinematics-based design.
Using a numerical modelling
tool (RobotStudio) to optimise
trajectories.

The probabilistic approach
incorporates the spread of
parameters (stiffness, damping),
which increases accuracy in real-
world conditions. It can be used
for predicting the probability of a
chatter with uncertain parameters.
The method is suitable for
various types of machining where
parameters can vary. The Impulse
Response Function simplifies
the analysis of the impact of
uncertainties.

Unspecified parameters

Requires specialised software
and large amounts of data.
Accuracy depends on the
quality of the scatterplot
measurements. Less effective in
stable conditions (the method is
less useful if the parameters are
known precisely). Probabilistic
analysis can be resource-
intensive

Use in production environments
with a high level of uncertainty
(when processing new
materials). Collecting data on
the spread of parameters using
sensors and measuring systems.
Use IRF to quickly assess
the impact of uncertainties
on stability. Use of tools for
probabilistic modelling (Monte
Carlo in MATLAB).

The method incorporates the
dependence of stability on robot
configuration and multimodal
dynamics. Stability Cloud
Simulation provides a visual
Multi-modal robotic milling representation of the chatter zones

depending on the trajectory. It can
be used to adjust parameters to
reduce vibrations. The method is
suitable for robotic industries with
complex trajectories.

The method is designed for
robotic systems, which reduces
its effectiveness for traditional
machine tools. Stability Cloud
Simulation requires significant
computing resources. Accuracy

depends on detailed data on the

robot’s trajectory and dynamics.

May require modification of the
robot software

To optimise milling in robotic
systems with multimodal
dynamics. Use of Stability

Cloud Simulation to estimate

instability zones in trajectory
planning. Conduct tests to

refine the modal parameters
of the robot. Use trajectory
modelling tools (Robot
Operating System (ROS) or
CoppeliaSim).

Source: compiled by the authors based on X. Liu et al. (2024), H. Miao et al. (2024), D.R.V. Naranjo et al. (2024), H. Tian et
al. (2024), ].Jia et al. (2025), K. Nasiri & H. Moradi (2025), K. Guo et al. (2025), B. Li et al. (2025b), K.A. Hassan (2025)

The analysis of the methods showed that there is no
one-size-fits-all solution suitable for all types of machin-
ing. Models based on 3D Stability Lobe Diagram demon-
strate significant accuracy for thin-walled structures when
fine-tuned but require significant computational resourc-
es. Non-linear NDDE models using TVA are effective for
flexible parts but are complex to implement and sensitive
to parameterisation. Variable speed methods are simple
to implement but have limited effectiveness for complex
trajectories and rigid materials. Robotic approaches with
6DOF and multimodal simulations are particularly rele-
vant for automated systems but require detailed kinematic
models and substantial computational support. Probabil-
istic approaches incorporate real production fluctuations
but require careful collection of statistical data.

Therefore, the choice of model should be based on

specific process characteristics, production goals and the
acceptable level of implementation complexity, which em-
phasises the need for an adaptive and engineering-based
approach to ensuring the stability of milling operations. A
comprehensive approach to method selection, incorporat-
ing practical recommendations and the nature of instabil-
ities, will increase the reliability, accuracy and adaptability
of the milling process in high-precision production.

DISCUSSION
The results of the study have shown that the stability of
the milling process depends on several factors, including
changes in stiffness and damping, nonlinear dynamics
with the interaction of mode oscillations, and the use of
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adaptive stabilisation methods under variable machining
conditions. To solve these problems, approaches such as
SLD models that consider the spatial variability of param-
eters, TVA, numerical schemes based on NDDE, and Stabil-
ity Cloud Simulation for multi-axis robotic systems were
used. A similar approach was presented in study C. Song et
al. (2024), based on time-delayed DDE models to build
SLDs using the SDM method, which improved the accuracy
of prediction of unstable zones during milling of complex
components. This fully correlates with the results of the
current study, which emphasised the need to incorporate
the spatial dependence of stiffness and damping when con-
structing stability diagrams.

0. Ozsahin (2024) proposed an active electromagnetic
toolholder integrated with a feedback control system for
effective chatter suppression at low tool immersion. The
study implemented an electromagnetic system with active
control, which provides dynamic stiffness adjustment dur-
ing milling. Experimental tests have confirmed that this
approach can significantly reduce the amplitude of self-os-
cillations, ensuring stability and high surface quality of the
parts. This is consistent with the current study, confirming
the effectiveness and feasibility of using adaptive active
stabilisation systems for modes with a shallow immersion
depth and low system stiffness. This approach comple-
mented the solutions proposed in this study (DRL and TVA)
and confirmed the feasibility of engineering adaptation of
stabilisation methods to the conditions of a specific pro-
duction scenario.

Additionally, R.R. Lakshmi et al. (2024) optimised mill-
ing mode parameters to reduce chatter. The authors used a
combination of numerical analysis and experimental vali-
dation to identify the impact of parameters such as cutting
speed, feed rate and depth of cut on machining stability.
The results demonstrated that the correct selection of pa-
rameters can significantly reduce the amplitude of vibra-
tions and improve surface quality without the use of addi-
tional stabilisation devices. This correlates with the results
of the current study, which substantiated the effectiveness
of using adaptive control of technological modes as one of
the tools to stabilise the milling process.

Furthermore, the study determined that damping is
a crucial factor for machining stabilisation, including un-
der conditions of low local stiffness and the presence of
mode coupling. This was confirmed by R.I.E. Schonecker et
al. (2024) in an experimental investigation of the effect of
microstructured tool surfaces on their ability to passively
dampen. The study determined that the structured surfac-
es significantly reduced the amplitude of vibrations with-
out the need to change the machining modes or tool geom-
etry, which complemented the results of the study on the
critical role of damping. S. Xin et al. (2023) used TVA within
the NDDE framework to suppress chatter under complex
nonlinear dynamics. They found that TVAs effectively ex-
panded the limits of stable processing by reducing vibra-
tion amplitude in complex dynamic situations. This corre-
lated the results of an ongoing study on the effectiveness

of TVAs for stabilising systems with pronounced nonlinear
mode interaction.

The stability of robotic milling systems with 6DOF,
including the interaction between the axes and the flexi-
bility of the manipulator, must be considered. The use of
Stability Cloud Simulation was used to visualise unstable
zones in the motion paths. Similar results were obtained in
the study by Y. Zheng et al. (2023), confirming the priority
of considering the flexibility of mechanical joints to build
accurate stability models. The study also determined that
real dynamics of the manipulator can be used to reduce the
error in predicting self-oscillations and thus improve the
quality of milling. The study emphasised the need for de-
tailed experimental studies of the dynamic parameters of
the system, which fully correlated with the results of this
study on the key role of parametric accuracy of stability
models. J. Du et al. (2023) applied a combined robust Linear
Quadratic Gaussian (LQG) control to effectively suppress
chatter, demonstrating the need for adaptive stabilisation
methods, which coincided with the approach of this study to
the use of control methods such as DRL. The study showed
that an adaptive stabilisation system is significantly more
effective than traditional fixed controllers, particularly in
conditions of variable part stiffness and machining modes.
The study also noted that the robust approach reduces the
sensitivity of the system to errors in parameter estimation,
which was consistent with the probabilistic analysis of pa-
rameter uncertainty proposed in the current study.

Y. Sun et al. (2023) reviewed the 21st-century approach-
es to ensuring the stability of milling thin-walled parts that
are particularly sensitive to self-oscillations (chatter). The
study systematised and classified existing methods accord-
ing to their principles of operation, mathematical models,
level of adaptability and practical application in industry.
They emphasised that there is no single universal solution
that can completely solve the problem of chatter in all pro-
duction scenarios. Stabilisation of the process is only pos-
sible through a comprehensive combination of analytical
theoretical models and carefully conducted experimental
studies. The conclusions were fully confirmed by the re-
sults of the current study, which showed the need for an
engineering-adaptive selection of stabilisation methods
following specific production conditions.

The results of the study demonstrated that parametric
uncertainties, such as stiffness and damping fluctuations,
affect the accuracy of milling stability prediction. Ignoring
them reduces the accuracy of SLD and leads to errors. This
correlated with the study of M. Hashemitaheri et al. (2024),
determining that even small variations in stiffness or
damping parameters significantly affect the accuracy of
SLD construction. They used the Monte Carlo method to
assess the impact of these variations on the modelling re-
sults. The study determined that small changes in damping
lead to a significant shift in the stability limits, which can
cause chatter even in modes that were previously consid-
ered stable. This confirmed the need to incorporate para-
metric uncertainties, which was reflected in this study, and
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justified the use of probabilistic methods for more accurate
stability prediction in production conditions.

S. Hayati et al. (2023) proposed an approach with vari-
able tool dynamics (a hollow core cutter with an adjustable
core) that can be used for adaptive changes in frequency
characteristics during the milling process. The study ex-
perimentally confirmed that this tool design can signifi-
cantly reduce self-oscillation, especially when machining
long and thin parts where stability is a critical factor. They
also demonstrated that adjusting the dynamic characteris-
tics of the tool directly during operation makes it possible
to adapt to different milling conditions, which significant-
ly expands the technological capabilities of the machines.
This correlated with the results of a study on the impact of
tool design on stability and highlighted the need to consid-
er the geometric and design features of the tool in complex
production scenarios.

Thus, successful stabilisation requires a comprehen-
sive adaptive approach that considers the specifics of tech-
nological conditions and design features of the equipment
and also involves the integration of theoretical models
with experimental validation. The applied approaches
and methods correlate with current trends in the field of
milling stabilisation and can be effectively implemented
in production conditions, which will not only increase the
stability of machining but also improve the overall techno-
logical flexibility and reliability of milling production.

CONCLUSIONS

The study determined that SLDs are used to assess the
stability limits of the milling process, which determine
the critical depth of cut for each rotational speed. Tradi-
tionally, methods based on DDE equations and analysis of
Lyapunov exponents are used to construct SLDs. For com-
plex systems, such as multimodal or nonlinear rotational
speeds, advanced methods (SDM, Galerkin, Time-Domain
Simulation) are used. The results of the study showed the
effectiveness of stabilisation methods. 3D SLD with posi-
tion dependence considered the change in stiffness along
the trajectory, which is substantial for machining thin-
walled structures in the aerospace industry. NDDE + TVA
provided an effective analysis of mode and regenerative

Grechaniuk & Varodov

self-oscillations in the machining of flexible titanium com-
ponents. For simpler cases, such as machining aluminium
or steel parts, the w(t) rotation modulation method is ef-
fective. In 6DOF robotic systems that incorporate the flexi-
bility of the manipulator, methods of adaptation to chang-
ing conditions were used. The DRL can be used to adapt the
system to changing parameters and generate signals for
piezoelectric actuators to effectively suppress vibrations in
real time.

A comparative analysis of the models showed that
each approach has its advantages and limitations. 3D SLD
provides high accuracy but requires significant computing
resources. NDDE + TVA is effective for chaotic modes but
is difficult to implement. Modulation w(t) is easy to imple-
ment, but less effective for complex geometries. Systems
with 6DOF demonstrate high dynamism, but their accuracy
depends on the quality of the models. Probabilistic models
optimally incorporate parameter fluctuations but are re-
source intensive. To achieve maximum accuracy, it is rec-
ommended to combine analytical and numerical methods
with experimental measurements. Adaptability is critical
for processing different materials and complex geometries.
DRLs and robotic systems with 6DOF are a promising di-
rection for high-precision milling operations.

A limitation of the study was that the models did not
fully incorporate the effects of wear and thermomechanical
instability, which could be substantial in long machining
cycles. This created opportunities for future research, in
particular in creating complex digital models with sensory
feedback and self-learning mechanisms. Further research
should facilitate the identification of parameters and the
integration of active stabilisation methods into automated
systems to improve milling stability and productivity.
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Bnnue pereHepaTuBHoro epekTy Ta MOAOBOIO 3UensieHHS
Ha cTabinbHicTb Ppe3epHUX onepauin

AHoOTAaUif. 3abe3neueHHs IKOCTi hpesepHOi 06POOKYU MOTPeOye BpaxyBaHHS JMHAMIUHOI CTA6i/IbHOCTI IPOLIecy, 10
3aJ7IeXKUTh Bif, iHCTPyMeHTaIbHOI reoMeTpii, KOHCTPYKTUBHOI KOPCTKOCTI Ta TUITY Bi6pauiit. MeTa mocimkeHHs 6yia
CTIpSIMOBAHA Ha BUSIBJIEHHSI BIUTMBY BHYTDIIIHIX AMHAMIYHMX 36ypeHb Ha 1epebir ¢ppe3epHOro mpoiiecy, 30KpemMa MexaHi3MiB
caMo30y/IkKeHUX Bibpalliif, 110 BUHMKAIOTh Yepe3 KoJIMBaIbHi B3a€MOZii Ta 3a/IMIIKOBI HEpiBHOCTI 06p06IeHOT TOBEPXHI.
MeToos10ris BKTIOUasa MopiBHSIbHMIL aHauTi3 Mozeneit crabinisanii dpesepyBanHs i3 OI[iHKOIO iX MMepeBar, o6MeskeHb
Ta MPakTUYHMUX PeKOMeHJalliit sl BIPOBaIskeHHsI B peaibHi BUPOOGHMUi ITpotiecy. Byso npencraBieHo MaTeMaTUYHi
MoZeJli, [0 BpaxoByBa/iu eheKT 3aTPUMKM Y Yaci Ta B3a€MOZii Misk HAaIIpSIMKaMM KOJIMBAaHb iHCTPYMEHTA i 3aTOTOBKU.
BcTaHOBIIEHO, 1[0 TOBTOPHMIT KOHTAKT iIHCTPYMEHTa 3 HEPiBHOCTSIMMU IOTIepeIHbO 06p06IeHO0] TOBEepXHi MPU3BOIUTH
[0 3MiHHOI TOBIIVHM IIapy MaTepiany popMyBaB HeCTiiiKMit pexxum poboTu. BzaeMopist MiXk pi3HUMM KOMMBATbHUMU
peskuMamu, pu 06pob1Ii FTHyYKMX a60 TOHKOCTIHHUX AeTaeil, IPU3BOAUTD 0 OibII CKIaJHUX aBTOKOMMBAIBHIX MTPOIIECIB,
BKJTIOUAI0YM XaOTUYHI KOMMBaHHS. Haiibinbill mepcrieKTMBHUMU JJ1sI TPAKTUIHOTO 3aCTOCYBAHHS € MOJIeNi 3 afanTUBHUM
KepyBaHHSIM, 3[1aTHi pearyBaTu Ha 3MiHy T€XHOJIOTIYHMX ITapaMeTpiB y pealbHOMY 4aci. BcraHoBeHO, 1110 JHaMika
(bpesepHOro Mpolecy CyTTEBO 3aJEXNUTD Bill reoMeTpii iHCTpyMeHTa, JOBKMHY BUCTYITY, JKOPCTKOCTI, MacOiHepIiiiHMX
XapaKTepUCTUK Ta 3HOIIeHHSI pixkyyoi yactunu. [IporecHe nemrdyBaHHSs, CIPUUMHEHe 6iYHMM KOHTAKTOM iHCTpYMeHTa
3 leTaJull0, 3MEeHIIYE aMIUIITyly KONMBaHb, B lialla30Hi HU3bKMX 4acTOT. CTPYKTypa KepyBaHHS Ha OCHOBi BEKTOpa CTaHy
CUCTeMMU BKJTIOUAJIA MMONOKEeHHS, BUAKICTb, aMIUTITYLy Bibpalliit, 06epTu mmmMHIeNs Ta mofavy iHcTpyMeHTa. JKogeH
3 METO/IiB He € YHiBepCcaJIbHUM, TOMY AOIJIbHO 3aCTOCYBaTy aJallTUBHUIA MiaXi 40 BMOOPY MOesi cTabibHOCTI 3
ypaxyBaHHSIM KOHCTPYKTMBHUX, IMHAMIUHMX i eKOHOMiUHMX HakTopiB. [[pakTUUHA LIiHHICTh pe3y/IbTaTiB MoJsrana y
MOXK/IMBOCTI 3aCTOCYBaHHS iX iHsKeHepaMM Ta TeXHOJI0raMy JIJIsl BIIPOBaIsKeHHST afali TUBHOTO KepyBaHHS pe3epyBaHHIM
IJIS1 3SMEHIIIEeHHS BiOpalliii i ImiIBUIIEHHS TOUHOCTi 06p0o6KM

KniouoBi cnoBa: aBTOKOMMBAHHS; CMCTeMa i3 3amisHeHHSIM; 6araToOMOAOBa AMHAMiKa; HaIliBAMCKPETH3allis; BEKTOP
CTaHy; iHTe/lleKTyaJbHe KepyBaHHS; aialiTUBHe MOZeTI0BaHHS
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