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Abstract —The article addresses the scientific and applied problem of developing automatic control systems for stabilizing
milling machine cutting power under changing operating conditions. Maintaining a constant cutting power level is essential
for improving machining quality, increasing productivity, reducing energy consumption, and extending tool life.

A synthesis approach based on fractional-integral controllers with an increased astatism order is proposed. A specialized
optimization criterion was developed to ensure fast transient response while limiting overshoot within predefined bounds.
Unlike conventional mean-square-error criteria, the proposed functional accounts for the position of the control error relative
to the admissible region, providing smoother transient behavior.

Optimal controller parameters were determined using genetic algorithms implemented in MATLAB. The obtained results
enabled the synthesis of fractional-order control systems with improved dynamic performance compared to classical
controllers. Simulation studies demonstrated effective disturbance rejection and rapid stabilization under sudden load changes.
For a 50% increase in cutting power demand, the transient deviation was reduced from approximately 200 W to 19-39 W,
while the settling time remained below 0.02 s.
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AHnoamna — KymbicTa acTaTu3M I0pEKECi JKOFapbUIaFaH GoIIeK-HHTErPAIIBIK PETTETIIITEpPre HETi3AeITeH CHHTES dJIiCi
YCHIHBUIFaH. OTIEN IPOLECTiH KOFaphl KbUIIAMABIFBIH KAMTaMAachl3 €T€ OTHIPHII, apTHIK PETTEYl aJABIH aja OeNnriieHreH
LIEKTep/ie LIeKTeyre MYMKIHIIK OepeTiH apHailibl OHTaMIaHIBIPy KpUTEpHii a3ipieHni. JlacTypui opramia KBaIpaTThIK
KaTeJK KpHUTEpUHJIEpiHEH albIpMaIlbUIBIFEl, YCHIHBUIFAaH (PyHKIMOHaN Oackapy KaTelNiriHiH pyKcaT eTUIreH aiMakka
KaTBICTBI OPHAJIACYBIH €CKepesli, OyJI eTreni mpoecTepaiH HeFypiibiM OipKalbINThl ©TYiH KaMTamachl3 eteni. Perrerimrig
oHraiinel mapamerpiepi MATLAB opraceiHa Ky3ere achIpblIfaH I'€HETHKANBIK ajJrOPUTMIEP KOMETriMEH aHBIKTaJIbI.
AJBIHFaH HOTWDKEJIEp KIIACCHKAIBIK PETTETiIITepMEH CaJbICThIPFaHIa JUHAMHMKAIBIK CHIIATTaMajapbl >KaKCapThUIFaH
Oeiex perTi Oackapy >KyHenepiH cHHTe3[eyre MYMKIHAIK Oepai. MIMUTAIMAIBIK 3epTTeyiep KYKTEMEHIH KYpT e3repyi
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Annomayus — IlpeanoxeH Moaxon K CHHTE3y CHCTEM YIPaBIICHHS HAa OCHOBE APOOHO-MHTETPAIbHBIX PETYISATOPOB C
MIOBBIIICHHBIM MOPSJKOM acTatu3Ma. Pa3pa®oTaH cHenMaIu3upOBaHHBIA KPUTEPUI ONTUMM3AINH, OOECIIeYHBAIOIINH
BBICOKOE OBICTPOJICHCTBHE IEPEXOIHOTO MTPOIIeCcca TPU OTPaHUYCHUH MTEPEPeryIMpOBaHus B 3a/IaHHBIX Mpefeax. B otnnuune
OT TPAJUIMOHHBIX KPHUTEPUEB CPEAHEKBAJPATHYECKOH OIIMOKH, MpPEeAOKEHHbIH (YHKIHOHAT YYUTHIBACT IOJIOXKEHHE
OLIMOKY YNpaBJIeHHs OTHOCUTEIBHO JIOMYCTHMOW 00JacTH, YTO oOecrieyrBaeT OoJiee IJIaBHOE MPOTEKaHUE IEePEXOIHBIX
nporeccoB. ONTUMaibHbIe MapaMeTphl PETYIATOPOB OBLIM ONpPENeNeHbl C HCIOJb30BAaHUEM T€HETHYECKHX aJTOPUTMOB,
peanu3oBaHHBIX B cperie MATLAB. [lomyueHHbIe pe3yabTaThl IO3BOJIMIN CHHTE3UPOBATh CUCTEMBI YIIPaBJIECHUsS APOOHOTO
HNOpsiIKa € YIY4YIICHHBIMH JWHAMMYECKUMH XapaKTEPUCTHKAMH IO CPABHEHUIO C KJIACCUYECKUMH PETyNIATOPaMH.
PesynbraThl MogenupoBaHus nokazanu 3(p(GEeKTHBHOE MOJaBIeHNE BO3MYIIEHUI U OBICTPOE BOCCTAHOBJIEHHE PEKUMA TIPH
pe3KMX HM3MEHeHusX Harpy3ku. [Ipm yBenmuenmnm TpeOyemoil MomiHOcTH pe3aHus Ha 50 % BenMUMHA TNEPEXOIHOTO
OTKIJIOHEHUS OblIa cHIbKeHa npuonmutensHo ¢ 200 Bt 1o 19-39 BT, a Bpems ycranoBnerus He npebrmaio 0,02 c.

Kniouegvie cnoga: MOITHOCTH pe3aHusl, (pe3epHBIl CTAHOK, aBTOMAaTHYECKasi CHCTEMa yIPaBJIECHHs, IpOOHO-NHTET paIbHBIN
peryiarop, cucteMa IpoOHOTO MOpPSIIKa.

I. INTRODUCTION Milling occupies a leading position among modern

The current stage of mechanical engineering
development is characterized by rapidly increasing
requirements for production efficiency, product quality,
automation level, and energy efficiency of
technological equipment. Under conditions of global

competition, industrial enterprises are forced to
continuously improve labor productivity, reduce
material and energy consumption, and ensure

consistently high machining accuracy. Achieving these
objectives largely depends on the sophistication of
automatic control systems, which must not only
maintain specified operating modes but also adapt to
changing production conditions.

machining processes. Owing to its versatility, high
productivity, and capability to manufacture parts with
complex geometries, milling operations are widely
used in aerospace, automotive, shipbuilding, energy,
and many other industrial sectors. Consequently,
improving the efficiency of milling machine operation
remains an important research area attracting
considerable attention from specialists in automation,
mechatronics, and electric drive systems.

The efficiency of the milling process is largely
determined by the stability of cutting conditions.
During machining, the cutting tool and machine drive
are continuously subjected to variable loads caused by
the technological characteristics of the process. The
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main factors affecting cutting power include variations
in the physical and mechanical properties of the
workpiece material, fluctuations in machining
allowance, changes in cutting depth and width, feed rate
variations, vibration phenomena, thermal effects, and
progressive tool wear. In practical manufacturing
environments, all these factors act simultaneously,
creating a complex combination of internal and external
disturbances that significantly influence the energy
characteristics of the cutting process.

Variations in cutting power directly affect the
guality of the machined surface and the dimensional
accuracy of the workpiece. Excessive cutting power
may lead to drive overload, increased heat generation,
accelerated tool wear, and deterioration of surface
finish. Conversely, insufficient loading often results in
inefficient equipment utilization, reduced productivity,
and longer machining cycles. Therefore, maintaining
cutting power at a prescribed level represents one of the
most important objectives of modern automation
systems for metal-cutting operations.

Traditionally, automatic control systems for
machine-tool drives have focused on stabilizing spindle
speed or feed rate. Such systems provide the required
operating conditions for the drive and maintain
specified Kkinematic parameters of the machining
process. However, practical experience shows that even
with perfect spindle-speed stabilization, cutting power
may vary considerably under the influence of random
load disturbances. As a result, additional dynamic
stresses arise in machine components, machining
accuracy deteriorates, and operating costs increase.

For this reason, increasing attention has recently
been devoted to the development of control systems
aimed directly at stabilizing the energy parameters of
machining processes. One of the most promising
approaches involves adjusting the tool feed rate
according to the current value of cutting power. In this
case, the control system automatically compensates for
load variations, maintaining an optimal operating mode
regardless of changes in material properties or other
external factors. The implementation of such a principle
makes it possible to increase productivity, ensure more
uniform loading of the electric drive, and significantly
improve the economic performance of manufacturing
operations.

At the same time, the development of highly
efficient cutting-power stabilization systems s
associated with a number of challenging scientific and
technical problems. The control object exhibits
pronounced  nonlinear  behavior,  time-varying

parameters, and random disturbances. Moreover,
different control quality indicators often impose
conflicting requirements. For example, increasing
system speed frequently leads to greater overshoot,
whereas reducing steady-state error may decrease
stability margins or increase settling time.
Consequently, the search for new controller structures
and parameter optimization methods remains an
important direction of contemporary research.

Among the promising approaches for improving
control quality, fractional-integral controllers have
attracted considerable attention. Unlike conventional
Pl, PID, and related controllers, they employ the
mathematical apparatus of fractional calculus, allowing
integration and differentiation of non-integer order.
This approach provides additional degrees of freedom
for shaping system dynamics and offers significantly
greater flexibility in controller tuning. Owing to these
additional parameters, fractional-integral controllers
are capable of providing high control accuracy,
enhanced disturbance rejection, and an optimal balance
between response speed and damping characteristics.

Particular interest is associated with systems
possessing a fractional order of astatism. Increasing the
astatism order makes it possible to significantly reduce
dynamic errors and improve tracking performance
under varying reference inputs. However, a higher
astatism order also increases controller complexity,
necessitating dedicated studies aimed at determining
optimal parameter values. Another important challenge
involves the development of optimization criteria that
account not only for the magnitude of the control error
but also for transient response characteristics,
overshoot level, and settling speed.

Modern  global  optimization  techniques,
particularly genetic algorithms, offer substantial
potential for addressing these challenges. Evolutionary
optimization  methods enable the efficient
determination of optimal controller parameters in
multidimensional search spaces while avoiding local
extrema commonly encountered in gradient-based
approaches. Consequently, it becomes possible to
synthesize control systems with predetermined
performance characteristics and high operational
efficiency over a wide range of operating conditions.

Therefore, the relevance of this research is
determined by the need to improve the efficiency of
machining processes through the development of
advanced cutting-power stabilization systems for
milling machines. The synthesis of closed-loop control
systems based on fractional-integral controllers and
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modern optimization algorithms can provide high
levels of accuracy, dynamic performance, and energy
efficiency. The obtained results may be applied in the
design of next-generation machine-tool drives,
automated manufacturing systems, and robotic
production complexes, thereby contributing to the
further advancement of modern mechanical
engineering and digital manufacturing technologies.

Il. LITERATURE REVIEW

Improving the efficiency of machining processes
on metal-cutting machine tools is one of the key
directions in the development of modern mechanical
engineering. Under conditions of continuously
increasing requirements for product quality, production
productivity, and energy efficiency of technological
processes, the improvement of automatic control
systems for cutting conditions becomes particularly
important. The ability to ensure stable machining
accuracy, rational utilization of equipment, and
minimization of production costs largely depends on
the effectiveness of such control systems. Modern
manufacturing facilities operate in a highly competitive
environment, forcing enterprises to continuously seek
new approaches to increasing productivity and reducing
production costs. One of the most promising ways to
achieve these objectives is the implementation of
intelligent automatic control systems for technological
processes.

Among the numerous parameters characterizing
the machining process, cutting power occupies a special
place. This parameter directly reflects the energy state
of the technological process and integrally accounts for
the influence of numerous factors arising during
machine operation. Cutting power depends on the
physical and mechanical properties of the workpiece
material, the geometric characteristics of the cutting
tool, cutting conditions, tool wear level, rigidity of the
technological system, and many other factors. Due to
its high informativeness, this parameter is widely used
as a criterion for evaluating machining efficiency and
as a control variable in modern automated systems.

Maintaining cutting power at a specified level
enables the rational use of energy resources and ensures
maximum utilization of technological equipment.
Under conditions of stable cutting power, a uniform
load distribution on the electric drive is achieved,
mechanical and thermal overloads are reduced, and the
operating conditions of the cutting tool are improved.
As a result, the quality of the machined surface is
enhanced, the amount of defective products is reduced,

equipment service life is extended, and manufacturing
costs are lowered. Furthermore, cutting-power
stabilization creates the prerequisites for implementing
adaptive control systems capable of automatically
adjusting operating modes according to the current state
of the technological process.

The necessity of cutting-power stabilization arises
from the fact that real machining processes are
accompanied by numerous external and internal
disturbances. These include variations in machining
allowance, non-uniformity of the workpiece material
structure and hardness, changes in tool geometry
caused by wear, vibration phenomena, thermal effects,
and other factors. Under the influence of these
disturbances, cutting power may significantly deviate
from its nominal value, resulting in reduced machining
quality and decreased equipment efficiency. Therefore,
the development of automatic control systems capable
of rapidly compensating for such disturbances
represents an important scientific and technical
challenge.

Traditional approaches to the design of automatic
control systems for metal-cutting machine tools are
primarily based on classical controllers, such as
proportional, integral, differential, and their combined
forms. Despite their widespread use and relative
simplicity, these controllers do not always provide the
required control quality when applied to complex
nonlinear objects with time-varying parameters. In
many cases, it becomes necessary to satisfy conflicting
requirements related to response speed, accuracy,
stability, and overshoot limitation, which significantly
complicates the controller tuning process.

For this reason, fractional-order control methods
have gained considerable attention in recent years.
These methods are based on the mathematical
apparatus of fractional calculus. Unlike conventional
approaches, fractional-order  controllers  enable
integration and differentiation of non-integer order,
thereby providing additional degrees of freedom in the
synthesis of automatic control systems. This makes it
possible to achieve more flexible shaping of dynamic
and static characteristics of closed-loop systems and to
obtain performance indicators that are difficult to
achieve using traditional controllers.

Particular interest in fractional-order control
methods is explained by their ability to adequately
describe processes characterized by distributed
parameters, complex dynamics, and pronounced
inertial properties. Many machining processes exhibit
precisely these features, making the application of
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fractional-order models and controllers highly justified.
Numerous studies have demonstrated that fractional-
integral and fractional-derivative controllers can
significantly improve control quality, reduce dynamic
errors, and increase system robustness against external
disturbances.

Thus, the development of fractional-order control
methods opens new opportunities for improving
automatic cutting-power stabilization systems for
metal-cutting machine tools. The application of
fractional-integral controllers enables the formation of
optimal dynamic and static characteristics of closed-
loop systems while ensuring high accuracy in
maintaining technological parameters, increasing
equipment  productivity, and reducing energy
consumption. Therefore, research aimed at developing
and improving methods for the synthesis of such
control systems is highly relevant from both scientific
and practical perspectives.

In [1], the authors considered a microprocessor-
based control system for an AC electric drive with
regulation of a technological parameter. The study
demonstrated the feasibility of developing control
systems focused not only on maintaining the kinematic
coordinates of an electric drive but also on directly
regulating technological process variables. The
obtained results confirmed the prospects of using
technological parameters as control coordinates.
However, issues related to achieving optimal dynamic
performance and the application of fractional-order
controllers were not addressed.

The theoretical foundations for applying fractional
mathematical tools were presented in [2], where the
possibility of approximating transient thermal
processes in complex geometric structures using
fractional derivatives was investigated. The obtained
results confirmed the effectiveness of fractional-order
models in describing complex physical processes
characterized by distributed parameters and
pronounced inertial properties.

Practical aspects of implementing control systems
based on fractional calculus were considered in [3]. The
authors performed the synthesis and practical
implementation of automatic control  systems
employing  discrete  fractional-integral-derivative
controllers. It was demonstrated that the use of
fractional operators expands controller tuning
capabilities and enables the achievement of desired
transient response characteristics.

Further development of this research direction was
presented in [4], which focused on the modeling and

identification of systems containing fractional integral
and differential elements. The proposed approaches
established a methodological basis for constructing
fractional-order mathematical models and synthesizing
corresponding control systems.

Fundamental principles of fractional dynamics and
control theory were systematized in [5]. The authors
presented the mathematical foundations of fractional
calculus, methods for analyzing fractional-order
systems, and principles for designing controllers that
provide additional degrees of freedom in shaping the
dynamic characteristics of closed-loop systems.

The widespread application of fractional-order
models in modern engineering was confirmed in the
review paper [6], devoted to the modeling of
supercapacitors, rechargeable batteries, and fuel cells.
The authors showed that fractional models provide a
more accurate description of energy storage and
conversion processes compared with conventional
integer-order models.

A significant contribution to the development of
fractional-order system synthesis methods was made in
[7]. The authors proposed a methodology for designing
automatic control systems based on standard fractional
Butterworth forms and fractional binomial forms. The
obtained results demonstrated the possibility of
purposefully shaping the required frequency and
dynamic characteristics of control systems through the
selection of the fractional integration order.

The practical effectiveness of fractional-order
controllers  in  technological  processes  was
demonstrated in [8], where an ore grinding circuit was
controlled using fractional-order controllers. The
research results confirmed improved control quality
and disturbance rejection capabilities compared with
conventional PID controllers.

A modern trend in the development of fractional-
order control is the integration of fractional controllers
with adaptive algorithms. Thus, [9] proposed fractional
P1-PIuD controllers with neural-network adaptation for
BLDC motor drive systems. The obtained results
demonstrated improved control accuracy and enhanced
dynamic performance through the application of
fractional-order integration and differentiation.

In [10], PIADpu controllers were investigated for
improving human—machine interaction in complex
technical systems. The authors analyzed the influence
of fractional-order controllers on control system
performance and demonstrated their potential for
application in complex engineering objects.
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Practical aspects of using fractional-order
controllers to optimize dynamic processes were
considered in [11], where a control system for
electromagnetic brakes of an internal combustion
engine test bench employing fractional ID controllers
was investigated. The performed analysis confirmed
the effectiveness of fractional-order controllers in
improving control quality and enhancing the dynamic
performance of electromechanical systems.

The conducted analysis of the available literature
indicates significant progress in the development of
fractional-order  control  theory, methods for
mathematical modeling of fractional-order systems,
and the practical application of fractional-integral and
fractional-derivative controllers in various engineering
systems. Over the past decades, a substantial scientific
foundation has been established, encompassing both
the mathematical principles of fractional calculus and
the applied aspects of its implementation in automatic
control  systems.  Numerous theoretical and
experimental studies have convincingly demonstrated
that fractional-order controllers extend the possibilities
for shaping the dynamic characteristics of closed-loop
systems, improve control accuracy, and provide
superior transient response performance compared with
conventional integer-order controllers.

The analysis of scientific publications shows that
fractional-order controllers are most actively employed
in electric drive systems, power engineering
installations, robotic complexes, electromechanical
systems, thermal engineering facilities, chemical
process control systems, and objects with distributed
parameters. Considerable attention has been devoted to
the synthesis of fractional PIA, PDp, and PIADp
controllers, the investigation of their frequency-domain
characteristics, stability analysis, and the development
of parameter optimization methods. Numerous
researchers have demonstrated that fractional-order
integration and differentiation provide additional
degrees of freedom during controller design, enabling
higher control quality in systems characterized by
complex dynamic behavior.

At the same time, the performed analysis revealed
that the vast majority of existing studies are focused
either on general theoretical aspects of fractional-order
control or on the application of fractional controllers to
specific classes of electromechanical systems.
Considerably less attention has been paid to
technological objects in which the controlled variables
are directly related to manufacturing process
parameters. In particular, comprehensive studies

devoted to the development of automatic cutting-power
stabilization systems for metal-cutting machine tools
using fractional-order controllers are practically absent
in the available scientific literature.

A distinctive feature of the cutting process is that
cutting power represents an integral indicator of the
technological process state while simultaneously
reflecting the influence of numerous internal and
external factors. It depends on the properties of the
workpiece material, cutting conditions, tool geometry,
tool wear level, machining allowance, rigidity of the
technological system, and many other parameters.
Therefore, stabilizing cutting power makes it possible
to maintain optimal operating conditions and ensure
high technical and economic performance of
manufacturing equipment. Despite its importance, the
use of cutting power as the primary controlled variable
of the machining process has received insufficient
attention in contemporary scientific research.

An analysis of existing approaches indicates that
most automatic control systems for metal-cutting
machine tools are primarily oriented toward stabilizing
spindle rotational speed or feed rate. Such systems
ensure the maintenance of kinematic process
parameters but do not always guarantee the stability of
the cutting energy regime. As a result, significant power
fluctuations may occur under varying load conditions,
negatively affecting machining quality, equipment
productivity, and cutting-tool life. Consequently, there
is a need for specialized automatic control systems
directly focused on cutting-power stabilization.

Another insufficiently investigated issue concerns
the selection of the optimal astatism order of closed-
loop systems. It is well known that increasing the
astatism order reduces steady-state and dynamic errors,
improves tracking accuracy, and enhances disturbance
rejection capabilities. However, a higher astatism order
also increases controller complexity and alters system
dynamic behavior. Existing studies do not provide
generalized recommendations regarding the selection
of the fractional astatism order for cutting-power
stabilization systems, nor do they sufficiently
investigate its influence on transient response quality
indicators.

A separate scientific challenge is associated with
the development of optimization criteria for the
synthesis of fractional-order control systems. Most
existing approaches are based on integral quadratic
performance indices or their modifications. Although
such criteria effectively minimize the mean-square
control error, they do not always ensure an optimal
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compromise between response speed, overshoot, and
oscillatory behavior. For technological systems in
which even a short-term excess of the permissible
power level may result in reduced machining quality or
equipment overload, there is a need for specialized
optimization criteria capable of accounting for the
specific features of the technological process.

Further investigation is also required regarding the
determination of optimal parameters for fractional-
integral controllers. The number of adjustable
parameters in such controllers is significantly greater
than that of conventional Pl and PID controllers. On the
one hand, this creates additional opportunities for
improving control performance; on the other hand, it
substantially complicates the parameter optimization
problem. Therefore, the development of efficient tuning
algorithms capable of determining optimal controller
parameters over a wide range of operating conditions
remains an important research objective.

Particular attention should be given to the problem
of simultaneously achieving high response speed,
minimal overshoot, and low dynamic errors under
abrupt load variations. For cutting-power stabilization
systems, this requirement is of fundamental importance
because any delay or excessive fluctuation of the
controlled variable may negatively affect the machining
process. Consequently, there is a need to develop new
synthesis methods for fractional-order control systems
that provide an optimal compromise among all major
control quality indicators.

Therefore, despite the considerable achievements
in the field of fractional-order control, the problem of
synthesizing closed-loop cutting-power stabilization
systems for metal-cutting machine tools using
fractional-integral controllers remains insufficiently
investigated. Future research should focus on
developing methods for selecting the optimal astatism
order, creating specialized optimization criteria for
transient processes, determining the tuning laws of
fractional-order controllers, and ensuring high control
quality under intensive load variations. Addressing
these scientific and technical challenges constitutes the
primary objective of the present study.

The objective of this paper is to develop a
scientifically grounded methodology for the synthesis
of closed-loop cutting-power stabilization systems for
milling machines based on fractional-integral
controllers capable of providing high control quality
under variable operating conditions of technological
equipment. Particular attention is focused on the
formation of control system structures and parameter

sets that simultaneously ensure high response speed,
minimal overshoot, low steady-state and dynamic
errors, and enhanced robustness against external and
internal disturbances characteristic of machining
processes.

To achieve this objective, a comprehensive set of
theoretical and applied studies was carried out aimed at
improving automatic cutting-power control methods. In
particular, the operational features of cutting-power
stabilization systems were analyzed, and the main
factors affecting control quality under varying load
conditions were identified. The feasibility of employing
fractional-integral controllers as an effective means of
improving control performance was substantiated due
to the additional degrees of freedom provided by the
mathematical apparatus of fractional calculus.
Furthermore, a specialized optimization criterion for
transient processes was formulated, aimed at achieving
the maximum possible system response speed while
simultaneously limiting overshoot and dynamic
deviations of the controlled variable.

Within the framework of the study, optimal
parameters of the closed-loop control system were
determined for various astatism orders, the
corresponding parameter variation patterns were
established, and the influence of controller parameters
on system dynamic characteristics was evaluated.
Based on the obtained results, fractional-integral
controllers were synthesized to improve cutting-power
stabilization accuracy under abrupt load changes and
random disturbances. In addition, transient responses
were investigated, control quality indicators were
assessed, and rational system parameters ensuring
effective maintenance of the specified cutting-power
level were determined. The obtained results are aimed
at increasing the productivity of milling machines,
improving machining quality, and reducing energy
consumption in modern automated manufacturing
systems.

I1l. MATERIALS AND METHODS

Methodological Approach to the Evaluation of
Transient Response Quality in Astatic Control
Systems

Let us assume that the inner loop of the closed-
loop control system can be described by the following
transfer function. Such an assumption is justified from
the standpoint of further analysis of the system's
dynamic properties and controller synthesis, since it
allows the principal operating characteristics of the
system to be represented with sufficient accuracy over
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the entire range of operating conditions. The transfer
function of the inner loop characterizes the relationship
between the input control signal and the output variable
of the system while taking into account the dynamic
properties of the actuating mechanisms, electric drive,
and other components of the controlled object.

The proposed mathematical representation
constitutes a generalized model that makes it possible
to investigate the processes of control signal formation,
evaluate transient-response quality indicators, and
determine the influence of system parameters on
stability and response speed. The use of such a model
is a common approach in the analysis and synthesis of
automatic control systems because it enables the
application of well-established methods of control
theory to obtain analytical relationships and perform
numerical investigations.

It is assumed that the parameters of the transfer
function are determined on the basis of the
characteristics of the actual controlled object and reflect
its inertial properties, gain, and energy-conversion
features during system operation. This approach makes
it possible to subsequently synthesize controllers and
optimize their parameters in accordance with specified
requirements regarding control accuracy, response
speed, and transient-process quality. Therefore, the
inner loop of the closed-loop control system will be
described by the following transfer function:

H, (s)

1 k
T p+la,p™ +ap”+1’

D)

where T denotes the uncompensated small time

constant that characterizes the high-frequency
dynamics neglected during the compensation
procedure.

For the subsequent synthesis of the automatic
control system, the desired dynamic properties will be
specified by defining an appropriate open-loop transfer
function H_ (p) . The use of a desired transfer

opt
function is one of the most common approaches in
control theory, since it makes it possible to determine
the required performance characteristics of the future
system already at the design stage, including response
speed, control accuracy, stability, and the nature of
transient processes. In this approach, the structure and
parameters of the controller are selected in such a way
that the actual system behavior is as close as possible to
the desired model.

Let the desired open-loop transfer function be
represented in the form H_ (p) .Such a

representation makes it possible to establish the
necessary relationship between the system parameters
and its performance indicators. Furthermore, the use of
a desired transfer function provides a direct basis for
applying structural and parametric synthesis methods to
determine the characteristics of a controller capable of
ensuring compliance with the specified control
requirements.

Since the system operates according to the
principle of negative feedback, its dynamic properties
are determined not only by the parameters of the open-
loop path but also by the interaction between the
forward and feedback channels. The presence of
negative feedback reduces the control error, improves
the accuracy of maintaining the desired controlled
variable, and enhances the robustness of the system
against external disturbances and parametric variations
of the controlled plant.

Based on the classical relationships of automatic
control theory, using the open-loop transfer function
and taking into account unity negative feedback, the

transfer function of the closed-loop system H ( p) can

be obtained. This transfer function determines the
system response to reference inputs and makes it
possible to evaluate the main performance indicators,
such as settling time, overshoot, steady-state error, and
dynamic error.

Thus, the subsequent analysis of the synthesized
system will be carried out on the basis of the closed-
loop transfer function derived from the desired open-
loop transfer function. Therefore, representing the
desired open-loop transfer function in the form

H,.(p) and taking into account unity negative

feedback, we obtain the following closed-loop transfer
function H_ (p):

P+l 1
H, (p)=—2 .
opt ( p) aopt pl+,u Tv p +1 (2)

1 1

— aoptp+#Tvp+aoptp+/u
1+ 1+u

a,, P “T.p+a,p™“+Db

opt

H .
«(P) p+1

opt

Such a loop possesses an astatism order of 1+ 4,

which is one of its most important features and
determines the system’s ability to effectively
compensate for both steady-state and dynamic control
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errors. The presence of a fractional astatism order
makes it possible to combine the advantages of classical
astatic systems with the additional capabilities provided
by the mathematical apparatus of fractional calculus.
As a result, the system acquires improved properties in
terms of tracking reference inputs and rejecting external
disturbances.

It is well known that first-order astatic systems
ensure the complete elimination of steady-state error
when responding to constant reference signals.
However, when the reference signal varies with time,
particularly in the presence of linearly increasing or
other time-varying inputs, dynamic errors arise within
the system. The application of a fractional astatism
order makes it possible to significantly reduce the
magnitude of such errors without substantially
increasing the complexity of the system structure or
requiring excessively high controller gains.

For a loop with an astatism order of 1+, not

only is the steady-state error completely eliminated, but
the dynamic components of the control error are also
effectively reduced. In particular, the velocity error that
occurs under a linearly varying reference signal is no
longer a constant quantity, as in conventional systems,
but gradually decreases with time and tends toward
zero. This property is especially important for
automatic control systems of technological processes,
where high accuracy in maintaining the controlled
variable must be ensured under continuously changing
operating conditions.

Furthermore, increasing the astatism order has a
positive effect on transient response quality and the
system’s ability to compensate for external
disturbances. This is particularly relevant for cutting-
power stabilization systems, where the load may vary
rapidly due to fluctuations in machining allowance,
non-uniformity of the workpiece material, or changes
in the condition of the cutting tool. Under such
conditions, a system with a fractional astatism order
provides more accurate tracking of reference inputs and
more effective disturbance rejection compared with
conventional control structures.

Therefore, the use of a loop with an astatism order

of 1+u creates the conditions necessary for

simultaneously achieving high control accuracy,
minimal steady-state and dynamic errors, and improved
transient response characteristics. These properties
justify its application in the synthesis of advanced
automatic cutting-power stabilization systems for
milling machines.

The optimal coefficients a , and b, are

determined to ensure that the transient process
corresponding to a unit-step input satisfies the
following optimization requirements:

- minimization of overshoot;

- maximization of system response speed.

These requirements form the basis for selecting the
parameters of the desired transfer function and
synthesizing the corresponding control system.

Let us select an analytical formulation of the
transient-response performance criterion that will be
used in the parametric optimization of the closed-loop
control system. The final result of the synthesis
procedure largely depends on the proper choice of this
criterion, since it determines the direction of the search
for optimal system parameters and establishes the
requirements for the dynamic behavior of the control
system. For cutting-power stabilization systems, it is
particularly important to ensure not only a high
response speed but also to limit the maximum deviation
of the controlled variable from its prescribed value.
This requirement is o0yciosved by the fact that even
short-term excesses of the permissible power level may
result in deterioration of machining quality,
overloading of the electric drive, and accelerated wear
of the cutting tool.

The classical integral mean-square error criterion
can formally be represented as the sum of the products
of the instantaneous error values and their
corresponding weights, which numerically coincide
with the error values themselves. Under such
conditions, the largest contribution to the objective
function is produced by the initial stages of the transient
process, where the deviation of the controlled variable
from the desired value is maximal. Consequently,
during optimization the system tends to reduce the
initial error as rapidly as possible, resulting in transient
responses characterized by the highest achievable
response speed.

From a mathematical perspective, such an
approach is entirely reasonable because minimization
of the integral quadratic criterion ensures a reduction of
the overall error level throughout the entire transient
process. However, for practical technological systems
this criterion does not always reflect the actual control
requirements. As a result of optimization, a transient
response is often obtained that may be described as
being “pressed” toward the ordinate axis. Such a
response exhibits very high speed, but this advantage is
achieved at the expense of considerable short-term
overshoot and increased dynamic loading.
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A particularly significant drawback of the classical
mean-square criterion is its low sensitivity to short-
duration excursions beyond the specified level. Even
when the overshoot reaches relatively large values, its
contribution to the overall criterion may remain
comparatively small if its duration is short.
Consequently, the optimization algorithm may regard
such a response as acceptable and even preferable to
alternatives characterized by slightly lower response
speed but significantly better accuracy and robustness.

For automatic cutting-power stabilization systems,
such an approach is unacceptable. In machining
processes, even a short-term excess of the permissible
power level may cause feed-drive overload, increased
temperature in the cutting zone, elevated mechanical
stresses  within the technological system, and
deterioration of the machined surface quality.
Moreover, excessive peak loads adversely affect tool
life and may lead to premature tool failure. Therefore,
minimizing only the integral mean-square error does
not guarantee the achievement of the most suitable
dynamic performance for technological applications.

Consequently, the use of the classical mean-square
performance criterion alone does not provide the
necessary compromise between response speed and
limitation of maximum deviations of the controlled
variable. This creates the need for the development of a
specialized transient-response quality criterion that
simultaneously accounts for the magnitude of the
control error, the duration of the transient process, and
the permissible overshoot level. Such an approach
makes it possible to obtain dynamic characteristics that
are most appropriate for automatic cutting-power
stabilization systems of milling machines and ensures
compliance with the stringent requirements imposed by
modern machining processes.

Let us formulate a transient-response optimization
criterion for systems that are required to provide high
response speed (characterized by the selected value of
T, while maintaining the response within a prescribed

tolerance corridor of width £6 around the desired
value (Fig. 1).

For this purpose, the control errors at each
calculation step are accumulated until the transient
response first enters the admissible corridor

(|Yi ~1]< &) , in which case their weighting factor is

equal to unity. Subsequently, the objective functional
(F) is increased by the fourth power of the error
normalized with respect to 8. Consequently, within the
admissible corridor the weighting factor becomes less

than one, whereas outside the corridor it exceeds one
and increases according to a cubic-parabolic law:

(1-Y)Vt<t,

F= ZN: (1—\/.

4 — min, (3)
i1 —'j Vi>t
o

where t is the time of the first entry into the admissible
corridor.
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Figure 1 — Criterion fok Evaluating Transient
Response Quality

The proposed performance criterion eliminates
one of the major drawbacks of conventional integral
guadratic criteria, namely the tendency of the
optimization procedure to compress the transient
response toward the origin of the time axis. As a result,
the use of classical criteria often produces transient
responses characterized by extremely high response
speed accompanied by significant short-term
overshoots or undershoots of the controlled variable.
For many technical systems, such deviations may be
considered acceptable if their duration is sufficiently
short. However, for automatic control systems of
technological processes, such behavior is undesirable.

The proposed criterion is aimed at generating
transient responses that provide not only high response
speed but also compliance with prescribed limitations
on the allowable deviations of the controlled variable.
By introducing a special penalty mechanism for errors
occurring outside the specified tolerance corridor, the
optimization procedure receives additional information
regarding the undesirability of significant local
extrema. As a consequence, the optimal transient
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response becomes smoother and is characterized by
reduced overshoot and undershoot levels.

An important advantage of the proposed approach
is its ability to establish a compromise between the
speed of reaching the steady-state operating condition
and the overall quality of the transient response. While
conventional criteria are primarily focused on
minimizing the integral error, the proposed
performance index additionally accounts for the
permissible limits of deviation of the controlled
variable. As a result, the optimization process is
directed not only toward reducing the duration of the
transient response but also toward ensuring its
technological acceptability. This feature is particularly
important for cutting-power stabilization systems,
where even a short-term excess of the permissible load
level may lead to deterioration of machining quality or
equipment overload.

The search for the parameters of the optimal
transfer function was carried out using genetic
algorithms. The choice of this evolutionary
optimization approach was motivated by the
complexity of the optimization problem and the
specific characteristics of the mathematical model. In
particular, for systems with fractional-order integration,
the shape of the response surface strongly depends on
the selected astatism order and other model parameters.
Under such conditions, the objective function may
exhibit a complex multimodal structure containing
numerous local minima and maxima.

The application of conventional gradient-based
optimization methods to such problems is frequently
associated with the risk of convergence to a local
minimum. In this case, the obtained solution may be
only locally optimal and may differ substantially from
the global optimum. This problem becomes particularly
significant in the synthesis of fractional-order systems,
where even a small variation in the integration order
may result in a considerable transformation of the
objective-function surface.

Unlike  gradient-based  methods,  genetic
optimization algorithms perform a simultaneous search
across multiple regions of the parameter space and
employ the mechanisms of natural selection, crossover,
and mutation to generate new candidate solutions. As a
result, the probability of locating the global minimum
of the performance functional is significantly increased,
even in the presence of highly complex response
surfaces. Furthermore, genetic algorithms do not
require the computation of derivatives of the objective
function, which constitutes an important advantage

when dealing with nonlinear models and fractional-
order operators.

Therefore, the combination of the proposed
transient-response performance criterion with genetic
optimization algorithms makes it possible to determine
controller parameters that simultaneously provide high
response speed, limited overshoot, and high accuracy of
cutting-power stabilization. Such a combination of
methods creates the prerequisites for the synthesis of
efficient automatic control systems capable of
operating under variable technological loads while
ensuring stable quality of the machining process (Fig.
2).
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Figure 2 — Response surfaces corresponding to
optimization criterion (3) for different values of the
fractional integration order: (a) p=0.1, (b) p=0.2, (c)

p=0.5, (d) u=0.6, (e) u1=0.7, and (f) u=0.9

The genetic algorithm in the MATLAB
environment was configured to ensure a reliable search
for the global minimum of the performance functional
while minimizing the risk of premature convergence to
local extrema. The selection of algorithm parameters
was performed taking into account the specific
characteristics of the optimization problem associated
with fractional-order systems, which are characterized
by complex multimodal response surfaces and the
presence of numerous local minima. The primary
objective of the tuning procedure was to achieve an
optimal balance between the convergence speed of the
algorithm and the quality of the obtained solution.

The initial population was generated randomly
within the permissible ranges of variation of the
optimized parameters. Such an approach ensured a
uniform coverage of the search space at the initial stage
of optimization and created the necessary conditions for
exploring different regions of the objective-function
surface. The population size was selected to be
sufficiently large to preserve genetic diversity and
prevent the premature loss of promising search
directions.

The quality of each individual was evaluated using
the proposed transient-response optimization criterion,
which simultaneously accounted for system response
speed and the magnitude of deviations of the controlled
variable from the admissible tolerance corridor. The
value of the performance functional was calculated for
each candidate parameter set by simulating the dynamic
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behavior of the closed-loop control system and
subsequently analyzing the resulting transient response.

The parent-selection procedure was based on the
principle of favoring more fit individuals. Candidate
solutions associated with lower values of the objective
function were assigned a higher probability of
participating in the generation of offspring. Such a
mechanism allowed the search process to gradually
concentrate on the most promising regions of the
parameter space while maintaining sufficient
population diversity.

New candidate solutions were generated using
crossover and mutation operators. The crossover
operator combined the parameters of two parent
individuals to produce offspring inheriting
advantageous properties from both solutions. The
mutation operator introduced random modifications to
selected  parameters, thereby preventing the
optimization process from becoming trapped in local
extrema and maintaining the diversity of the population
throughout the search procedure.

Particular attention was devoted to the selection of
crossover and mutation probabilities. Excessively high
mutation rates could lead to the loss of valuable
information accumulated during previous generations,
whereas excessively low mutation rates could result in
premature convergence. Therefore, the parameters of
the genetic operators were selected so as to provide an
effective compromise between the exploration of new
regions of the search space and the exploitation of
already identified promising solutions.

The termination criterion of the algorithm was
defined either by reaching a prescribed number of
generations or by the absence of a significant
improvement in the objective-function value over a
specified number of iterations. Upon completion of the
optimization procedure, the individual with the
minimum value of the performance functional among
all evaluated solutions was selected as the optimal one.
The resulting parameters were then used to construct
the desired transfer function and to synthesize the
corresponding fractional-integral controller.

The application of the genetic algorithm in
MATLAB made it possible to efficiently explore a
multidimensional parameter space, identify globally
optimal values of the system coefficients, and obtain
transient responses characterized by high response
speed, limited overshoot, and minimal dynamic errors.
These results confirm the effectiveness and suitability
of evolutionary optimization methods for the synthesis
of fractional-order automatic control systems.

- CreationFcn: @gacreationuniform — the initial
population generation function. The gacreationuniform
option was selected so that the initial individuals are
distributed uniformly and randomly throughout the
entire search space bounded by Ib (lower bounds) and
ub (upper bounds). This approach ensures broad
coverage of the parameter space and increases the
probability of identifying promising regions during the
early stages of optimization.

- CrossoverFcn:  @crossoverscattered — the
crossover function. The crossoverscattered operator
selects two parent individuals and randomly chooses
genes (decision variables) from each parent to create an
offspring. This mechanism provides a high degree of
variability in the generated population and promotes
effective exploration of the search space.

- SelectionFcn: @selectionstochunif — the parent
selection function. The selectionstochunif option
implements stochastic uniform selection, in which the
probability of selecting an individual is proportional to
its fitness while retaining a degree of randomness. This
approach provides a balance between the principle of
“survival of the fittest” and the preservation of
population diversity.

- MutationFcn: @mutationadaptfeasible — the
mutation function. The mutationadaptfeasible operator
adaptively modifies the genes of individuals while
ensuring that all parameters remain within the specified
admissible bounds (Ib, ub). This strategy helps prevent
premature convergence, maintains genetic diversity,
and improves the algorithm’s ability to escape local
minima and continue searching for the global optimum.

The obtained optimal tuning parameters are
summarized in Table 1. Figure 3 presents the three-

dimensional relationship F,, = f(a,, b,,) while

Figure 4 shows the relationship b, = f (aopt).

Table 1. Normalized Parameters of the Optimal
Controller Tuning

p | Ay | b [ e

1.10 0.05652 2.94932 0.003371
1.20 0.23151 2.22772 0.017871
1.30 0.55071 2.88831 0.039412
1.40 1.11051 4.13712 0.082162
1.50 2.25753 6.09612 0.133783
1.55 5.25321 10.06211 | 0.128072
1.60 7.47841 11.94541 | 0.141791
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1.65 7.23282 11.61062 | 0.142022
1.70 11.06963 | 14.88031 | 0.134943
1.80 29.19471 | 27.56051 | 0.147751
1.90 99.84562 | 61.42632 | 0.205681
0.15

0.1 =

0.05

Figure 3 — Three-dimensional relationship
Fopt = f (apt’ bopt)
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Figure 4 — Relationship b,, = f (a,, )
Figures 3 and 4 clearly show the presence of a loop

in the region 1.651<1+ 1 <1.751which complicates
the derivation of analytical functions
a,, = f(u), b, =f(x) but does not affect the

achievement of high-quality transient-response
characteristics. Figure 5 presents families of transient-

response functions in the normalized time scale T

\4

obtained on the basis of the proposed optimization
criterion. It can be seen that in all cases the overshoot is
lower than that obtained using the classical modulus
(technical) optimum tuning method (4.352 %,
corresponding to y  =1.0435 while providing

significantly higher response speed. For all values of u
, the first settling occurs before 4.7T and the response
speed increases with increasing astatism order z .
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Figure 5 — Transient responses corresponding to the
optimal values of y, a, b, and (& = 0.025) according to
criterion (3).

These functions are normalized with respect to
both the horizontal and vertical axes and therefore must
be converted into absolute units for a particular
technological process. The most challenging task is the
time scaling procedure. During the calculation of the
parameters (a) and (b), the value T, =1was assumed.

Consequently, the Laplace operator (p) corresponds to
real time according to the relation:

d
> T —. 4
p it 4)
Then, from transfer function (2), we obtain:
bnorm +1
H(?;trm ( p) = 0:;rmpl+y 1 1
aopt p p+
)

~ (b”°rmTV)p+1 1

opt
= Hopt ( p) - (anormT 1+#) pl*” TV p +1

opt 14

Thus, in the actual system
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__ ahormT l+u.
aopt - a'opt Tv ’ (6)
norm
bopt = bopt Tv'

This approach makes it possible to obtain optimal
controller settings for a wide class of automatic control
systems in which stringent requirements are imposed
on transient-response quality, including high response
speed, control accuracy, and robustness against external
disturbances. The proposed methodology enables the
determination of controller parameters in such a way as
to ensure minimal steady-state and dynamic errors
while maintaining an acceptable overshoot level and a
high rate of response to reference inputs.

A particularly important advantage of the
developed approach is that the obtained relationships
between the parameters of the optimal transfer function
and the astatism order can be used directly during the
control-system design stage without the need to
repeatedly perform a computationally intensive
optimization procedure for each new application. This
significantly reduces the time required for system
synthesis and simplifies the selection of rational
controller parameters.

The proposed method also makes it possible to
account for the specific requirements of a particular
technological process through the appropriate selection
of the admissible deviation corridor and the required
response speed. As a result, the controller parameters
can be adapted to the operating conditions of the actual
controlled plant, making it possible to achieve an
optimal compromise between system responsiveness
and the accuracy of maintaining the controlled variable
at its prescribed value.

The practical implementation of the proposed
approach was carried out for the automatic cutting-
power control system of a milling machine. For this
system, optimal parameters of fractional-integral
controllers were determined, providing effective
disturbance rejection, reduced dynamic deviations of
cutting power, and improved transient-response
characteristics compared with conventional tuning
methods. The obtained results confirmed the
effectiveness of the proposed methodology and
demonstrated its suitability for application in modern
automatic control systems for technological processes.

Thus, the developed approach establishes both a
theoretical and practical foundation for the synthesis of
high-performance fractional-order control systems. It
can be applied to the design of automated stabilization
systems for technological parameters, particularly

cutting power, in various types of metalworking
equipment. Furthermore, the proposed methodology
may serve as a basis for the development of advanced
control systems capable of maintaining high
performance and stability under variable operating
conditions, thereby improving machining quality,
increasing equipment productivity, and enhancing the
overall efficiency of manufacturing processes.

Synthesis of Fractional-Order Controllers for a
Cutting Power Stabilization System.

One of the key stages in the development of high-
performance automatic control systems is the design of
controller synthesis methods capable of ensuring the
required control quality under conditions of plant-
parameter uncertainty and external disturbances. This
task is particularly important for cutting-power control
systems, where the parameters of the technological
process may vary over a wide range depending on the
properties of the workpiece material, cutting
conditions, tool wear, and other influencing factors.
Under such conditions, conventional integer-order
controllers do not always provide the required levels of
accuracy and response speed, which justifies the
application of fractional-integral controllers.

A significant advantage of fractional-integral
controllers is the presence of additional tuning
parameters associated with fractional-order integration
and differentiation. These additional degrees of
freedom make it possible to shape the dynamic
characteristics of the system more flexibly, provide the
required stability margins, and achieve a better
compromise between response speed, control accuracy,
and overshoot. As a result, fractional-order systems are
finding increasingly widespread application in
automatic control problems involving complex
technological objects.

An important stage in the synthesis of fractional-
integral controllers is the selection of an appropriate
mathematical model of the controlled plant. It is well
known that many real technological and
electromechanical systems exhibit complex inertial
properties that cannot always be adequately represented
by conventional integer-order models. In such cases,
fractional-order models provide a more accurate
description of the underlying physical processes by
taking into account memory effects, distributed
parameters, and the complex dynamic interactions
among the individual components of the system.

In many cases, the controlled plant can be
described by the following fractional-order transfer
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function [6]. Such a model represents a generalization
of conventional transfer functions and allows the
fractional integral-differential properties of the plant to
be taken into account. The use of this representation
provides a more accurate mathematical description of
the system and creates the basis for designing
controllers whose parameters are consistent with the
actual dynamic characteristics of the controlled object.

A fractional-order transfer function may include
both fractional powers of the Laplace operator and
coefficients characterizing the inertial and gain
properties of the plant. The values of these parameters
are determined from experimental data or through the
identification of a mathematical model. Subsequently,
these parameters are used during the parametric
synthesis of the fractional-integral controller and for
determining its optimal tuning settings.

Therefore, the use of fractional-order models
provides the necessary theoretical foundation for the
synthesis of advanced cutting-power control systems by
improving the accuracy of the plant representation and
enhancing the quality of automatic regulation.
Consequently, in the following analysis, it will be
assumed that the controlled plant is described by the
following fractional-order transfer function [6]:

k 1
a2 p1+p(s) + al pp(s) +1 TV p +l!

H,*(p)= 7)

where Kk, a,, &, wdenote the parameters of the

controlled object.

To synthesize a controller that will be connected in
series with the controlled plant and provide the required
dynamic characteristics of the closed-loop system, it is
necessary to determine its transfer function in such a
way that the combined operation of the controller and
the plant ensures the realization of the desired optimal
open-loop transfer function. In essence, the synthesis
problem consists in finding a controller structure and
parameter set capable of transforming the dynamic
properties of the actual plant into the desired system
characteristics specified during the previous design
stage.

It is well known that the behavior of a closed-loop
control system is directly determined by the product of
the transfer functions of the controller and the
controlled plant. For this reason, the controller
synthesis procedure can be reduced to solving an
equation that establishes the relationship between the
desired open-loop transfer function and the

mathematical model of the plant. By solving this
equation, the analytical form of the controller transfer
function can be obtained, ensuring that the specified
control-performance requirements are achieved.

A distinctive feature of the present problem is that
the controlled plant is described by a fractional-order
model. Consequently, the synthesized controller must
also contain fractional-order integral and/or differential
elements whose parameters are coordinated with the
fractional characteristics of the plant. Such an approach
preserves the advantages of the fractional-order system
representation and enables the full utilization of the
additional degrees of freedom provided by fractional
calculus.

From a mathematical point of view, the synthesis
problem is reduced to determining the unknown
controller transfer function by equating the product of
the controller and plant transfer functions to the desired
open-loop transfer function. The resulting relationship
serves as the fundamental equation for the subsequent
parametric synthesis procedure and for determining the
structure of the fractional-integral controller.

Therefore, in order to construct a controller
connected in series with the controlled plant and
capable of providing the required dynamic
characteristics of the system, it is necessary to find the
solution of the following equation:

H,. (p)=H.(p)H, (p)= (8)

(b, )p+1 1

opt

(am )P Tpl
b(s) 1

= H )
R ( p) a (S) pl+y(s) +a1(s) py(s) 11T p+l 9
=
M (1) ((kif‘:?f:);’ o
a +u 1+u
opt v p (10)

& (s)p +a(s)p“ +1

b(s) ’

=
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(b, p+1)
HR ( p) - ( QT l+y)b(s) x

opt v
1+,u(s) //(5)
(et 2 1)

p p

p1+;4

(11)

Equation (11) makes it possible to determine both
the structure and the parameters of the controller. Based
on this relationship, various controller configurations
can be synthesized depending on the desired dynamic
characteristics of the closed-loop system, the properties
of the controlled plant, and the specified performance
requirements.

Let us consider several possible controller
structures and evaluate their suitability for the cutting-
power control system. The choice of controller
structure is a crucial stage of the synthesis procedure
because it directly affects the dynamic and static
performance of the closed-loop system. Different
controller configurations provide different levels of
response speed, control accuracy, disturbance rejection,
and overshoot suppression.

Fractional-order control systems offer greater
flexibility than conventional integer-order controllers
due to the additional parameters associated with
fractional integration and differentiation. By properly
selecting these parameters, it becomes possible to
achieve an improved compromise between speed of
response, stability, and control accuracy.

For the cutting-power stabilization system, the
controller must maintain the desired power level under
varying load conditions while ensuring rapid
disturbance compensation and limited overshoot.
Therefore, several controller structures are analyzed to
identify the most effective solution.

The synthesis procedure is based on matching the
desired open-loop transfer function with the product of
the controller and plant transfer functions. Depending
on the selected fractional-order parameter, different
controller  structures can be obtained, each
characterized by specific dynamic properties.

As a first case, let us consider the situation in
which the desired fractional-order parameter is defined

asu=u (s) The corresponding controller structure can
then be derived from the synthesis equation presented
above.

Desired parameter s = z(s):

(b, ) p+1)
P T o)

Opt v

(a@ramiet) =
1

H X
( ) (Sstrm-l-vu#)b(s)
(bjp"[mT)az

(S)+(b::J“”TV) (s)+
x 1 =
s)p+
o)

H.(p)= kdp+kp+%j+

k;
“(kpy +ij.
p

The resulting controller has the
(PID)+1“(P1), where the parameters.

_ (65T, )au(s)
" (@ )b(s)
3, (s)+ (b5, )a ()

o (ame(s)

(12)

structure

__af(s)
i (gpotrm-l-vlw) (S)’
o (o)
pu ( Z;rmthy)b( )
1

ki# T [ AnormT Ltu :
(a5 T.)b(s)

It is important that the operation of calculating the
fractional integral (the most complex one) is performed
only once.

Desired parameter s # 1(s):
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(b, ) p+1)
H:(p)= (a”"””T 1”‘)b(s) 8

opt v

x( pyl,«s) (az (s)+¥}+ﬁ}

In this case, a controller with the structure
(PD)(1“*(PI)+1"*) has been obtained. It

includes two fractional-integral elements of small
positive or negative order s —s(s) and of order

(13)

1+ 4.

The obtained controllers provide the closed-loop
system response shown in Figs. 3 and 5, respectively.

Let us implement the system model and investigate
the start-up process with a linearly increasing reference
signal, as well as the response to an instantaneous
increase and decrease in the depth of cut, which within
0.05 s leads to a 50% change in cutting power. The
coefficients are normalized for T, =0.01 s, whichisa

typical standard time constant of electric drives.

Figure 6 shows the transient response for different
selected integration orders 1+ . It can be seen that the
dynamic errors for an order of 1.5 are smaller than those
for an order of 1.8. However, taking into account the
identification results and the need to simplify the
controller structure, tuning with an order in the range of

1.7...1.8 should be considered the most appropriate.
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Figure 6 — Transient characteristics of cutting power
during start-up and under sudden load increase and
decrease

Figure 7 shows enlarged sections of the load
increase and load decrease transients, which confirm
the effectiveness of the proposed control system. The
control action, implemented through the corresponding
adjustment of the feed rate, significantly reduces the
amplitude of the cutting-power disturbance from 200 W

to 19 W at u=1.5 and to 39 W at the recommended value
of p=1.7. The settling time of the transient response
does not exceed 0.02 s.
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Figure 7 — Enlarged Sections of the Transient
Responses to Load Application and Load Removal

Figure 8 illustrates one of the most important
properties of a system with a fractional astatism order
greater than unity, namely the gradual reduction of the
velocity error under a linearly varying reference signal.
Unlike classical first-order astatic systems, in which the
velocity error approaches a constant value, systems
with a fractional astatism order of (1+u) exhibit a
continuously decreasing velocity error that tends
toward zero as time increases. This distinctive feature
is a consequence of the additional integrating properties
introduced by the use of fractional-order operators.

The obtained result demonstrates the ability of the
system to track time-varying reference inputs more
accurately and to compensate dynamic errors more
effectively than conventional control structures. This
property is particularly important for automatic cutting-
power control systems, where operating conditions
continuously change due to technological factors such
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as variations in workpiece properties, cutting depth, and
tool condition. Owing to the gradual reduction of the
velocity error, the system is capable of maintaining the
desired cutting-power level with higher accuracy,
thereby improving machining quality and reducing the
influence of external disturbances on system
performance.

Furthermore, the tendency of the velocity error to
approach zero indicates an improvement in the dynamic
accuracy of the control system without requiring a
substantial increase in controller gain. As a result,
systems with a fractional astatism order greater than
one provide an effective means of enhancing control
performance while preserving favorable transient-
response characteristics and maintaining a sufficient
stability margin. These advantages make fractional-
order control structures particularly attractive for high-
precision technological applications in which both
dynamic performance and regulation accuracy are of
primary importance.
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Figure 8 — Enlarged Fragments of the Initial and Final
Stages of the Start-Up Process with a Linearly
Increasing Reference Signal

At the beginning of the transient process, the
control errors for all considered tuning variants are

approximately two to four times greater than those
observed at the final stage of the start-up process. This
behavior is typical of systems operating under a linearly
increasing reference signal, since the controlled
variable initially experiences the largest dynamic
mismatch caused by the limited bandwidth of the
control loop and the finite response rate of the system.
As the transient process progresses, the influence of the
initial mismatch gradually decreases, enabling the
control system to follow the reference signal with
significantly higher accuracy.

The analysis of the obtained results indicates that
the system with an astatism order of 1.5 exhibits the
smallest dynamic error over the entire operating range
and therefore provides the highest tracking accuracy.
The reduced velocity error and improved transient-
response characteristics of this configuration are direct
consequences of its dynamic properties and the selected
controller parameters. From a purely theoretical control
perspective, this system can be regarded as the most
accurate among the investigated alternatives.

However, it should be emphasized that the
objective of the considered control system is not the
stabilization of speed or position, where maximum
tracking accuracy is usually the primary design
criterion. In the present study, the controlled variable is
the cutting power of a milling process. For such
technological systems, the requirements imposed on
control accuracy differ considerably from those
associated with motion-control applications. Small
residual dynamic errors generally have only a minor
influence on the overall quality of the machining
process, provided that the cutting power remains within
the permissible operating range.

Therefore, when selecting the optimal astatism
order, not only the achievable control accuracy but also
the practical complexity of controller implementation
must be taken into account. An increase in the astatism
order generally leads to a more complicated controller
structure, a greater number of fractional-order
elements, and increased computational effort during
real-time operation. Consequently, the relatively small
improvement in accuracy achieved with an astatism
order of 15 may not justify the additional
implementation complexity.

For this reason, the final controller structure
should be selected on the basis of a compromise
between regulation accuracy and implementation
simplicity. Since the differences in cutting-power
stabilization accuracy among the investigated
configurations are relatively small, the complexity of
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the controller becomes the dominant selection criterion.
From this standpoint, astatism-order values within the
range of 1.7-1.8 should be considered the most rational
choice, as they provide sufficiently high control quality
while maintaining an acceptable level of structural and
computational complexity.

IV. RESULTS AND DISCUSSION

The proposed methodology for the synthesis of
closed-loop cutting-power stabilization systems was
evaluated through numerical optimization and
simulation studies. The optimization procedure was
based on the transient-performance criterion
formulated in Eq. (3), which simultaneously accounts
for response speed and compliance with a predefined
corridor of permissible deviations. Unlike classical
integral quadratic criteria, the proposed functional
penalizes deviations outside the admissible range and
therefore promotes the formation of transient responses
with limited overshoot while preserving high dynamic
performance.

The optimization of the desired transfer-function
parameters was performed using a genetic algorithm
implemented in MATLAB. The obtained response
surfaces demonstrated a pronounced dependence of the
objective function on the fractional astatism order. As
shown in Fig. 2, the shape of the optimization landscape
changes significantly with increasing values of the
fractional parameter p, confirming the presence of
multiple local minima and justifying the use of
evolutionary optimization methods instead of gradient-
based approaches. The genetic algorithm successfully
identified globally optimal parameter combinations for
all investigated values of the fractional integration
order.

The normalized optimal parameters obtained
during the optimization process are summarized in
Table 1. Analysis of the results indicates that both
coefficients (aspt) and (bop) increase nonlinearly with
increasing astatism order. For values of (1+u) below
approximately 1.5, the growth of the coefficients is
relatively moderate, whereas for larger astatism orders
the parameters increase rapidly. Such behavior reflects
the increasing dynamic complexity of the desired
closed-loop system and the necessity of stronger
compensating actions to achieve the required transient
performance.

The relationships between the optimized
parameters are illustrated in Figs. 3 and 4. A
characteristic loop can be observed in the region (1.65
< 14+p < 1.75), indicating the presence of multiple

parameter combinations that provide nearly identical
values of the objective function. Although this
phenomenon complicates the derivation of analytical
approximations (acp=f()) and (bop=Ff(n)), it does not
noticeably affect the quality of the resulting transient
responses. Consequently, the optimization procedure
remains robust within this parameter range.

The synthesized fractional-integral controllers
were subsequently implemented in the cutting-power
stabilization system and evaluated under various
operating conditions. Figure 5 presents the family of
normalized transient responses corresponding to the
optimal parameter combinations. It can be observed
that all synthesized systems provide overshoot values
lower than those associated with the classical modulus
optimum, while simultaneously achieving substantially
faster response times. The first entrance into the
admissible corridor occurs within approximately
(4.7T,) for all investigated astatism orders,
demonstrating the effectiveness of the proposed
optimization criterion.

To assess practical performance, simulations were
performed using a milling-machine cutting-power
control model. The system was subjected to a linearly
increasing reference signal and abrupt load variations
corresponding to instantaneous changes in cutting
depth. A disturbance causing a 50% variation in cutting
power was applied after 0.05 s of operation. The
transient responses obtained for different astatism
orders are shown in Fig. 6.

The simulation results reveal that increasing the
astatism order improves disturbance rejection and
reduces the steady-state tracking error. The smallest
dynamic deviations were observed for the system with
an astatism order of 1.5. However, the improvement in
accuracy becomes progressively smaller as the order
decreases below the recommended range, whereas the
implementation complexity of the controller increases
considerably. Therefore, practical considerations
require balancing dynamic performance and controller
complexity.

A more detailed analysis of the load-application
and load-removal transients is presented in Fig. 7. The
proposed control system effectively compensates for
sudden changes in cutting conditions by automatically
adjusting the feed rate. As a result, the amplitude of the
cutting-power  disturbance is  reduced  from
approximately 200 W to only 19 W for (u = 1.5) and to
about 39 W for the recommended value (n = 1.7).
Furthermore, the transient duration remains below 0.02



BECTHHK KapHV Ne_2_(53) 2026 _ 2.

|T-T€XHO.]10FPIH, JHEPIreTUKA, aBTOMATH3AIIMA U BbIYMUC/INTEIbHAA TCXHUKA.

s in all investigated cases, indicating excellent dynamic
performance and rapid disturbance suppression.

An important property of systems with a fractional
astatism order greater than unity is demonstrated in Fig.
8. Unlike conventional first-order astatism systems,
which exhibit a constant velocity error under ramp
reference signals, fractional-order systems provide a
gradual reduction of the velocity error over time. This
property results from the additional memory effects
introduced by fractional integration operators.
Consequently, the system becomes increasingly
accurate during prolonged operation and is capable of
tracking slowly varying technological references with
higher precision.

At the beginning of the start-up process, the
dynamic errors were found to be approximately two to
four times larger than those observed at the final stage
of the transient. This behavior is expected because the
largest mismatch between the reference and controlled
variables occurs during the initial acceleration period.
As the transient evolves, the tracking error decreases
significantly. Although the configuration with an
astatism order of 1.5 demonstrated the highest
accuracy, the overall differences in cutting-power
stabilization performance among the investigated
configurations were relatively small.

Since the controlled variable in the considered
application is cutting power rather than position or
speed, the ultimate selection criterion should not be
based solely on tracking accuracy. The structural
complexity of the controller, computational
requirements, and implementation feasibility must also
be considered. Taking these factors into account,
astatism-order values in the range of 1.7-1.8 provide
the most favorable compromise between dynamic
accuracy, disturbance rejection capability, response
speed, and controller simplicity.

Overall, the obtained results confirm the
effectiveness of the proposed synthesis methodology.
The combination of the newly developed optimization
criterion, genetic-algorithm-based parameter tuning,
and fractional-integral control structures makes it
possible to achieve high-performance cutting-power
stabilization with fast transient responses, low
overshoot, and improved dynamic accuracy under
variable technological operating conditions.

V. CONCLUSIONS.

A methodology for the synthesis of closed-loop
cutting-power  stabilization systems for milling
machines based on fractional-integral controllers with

an increased astatism order has been developed. The
proposed approach makes it possible to shape the
desired dynamic characteristics of the control system
and to ensure high-accuracy maintenance of cutting
power under variable technological loading conditions.

A novel transient-response performance criterion
has been substantiated. The proposed criterion takes
into account not only the magnitude of the control error
but also the extent to which the transient response
exceeds the permissible deviation corridor. In contrast
to conventional optimization criteria, the proposed
approach provides fast transient responses with limited
overshoot, which is particularly important for control
systems used in machining processes.

The optimal parameters of closed-loop systems for
different values of the fractional astatism order were
determined using a genetic optimization algorithm.
Relationships between the optimal transfer-function
coefficients and the astatism order were obtained, and
the parameter regions providing the best transient-
response guality were identified.

Based on the optimization results, fractional-
integral controller structures for the cutting-power
stabilization system were synthesized. Analytical
relationships were established that make it possible to
determine controller parameters according to the
characteristics of the controlled plant and the required
control-performance specifications. The feasibility of
implementing controllers containing fractional-integral
elements for the realization of systems with an astatism
order greater than unity was demonstrated.

The simulation results confirmed the high
effectiveness of the proposed solutions. It was
established that, for load variations causing a 50%
change in cutting power, the synthesized system
significantly reduces the amplitude of transient power
deviations and provides rapid disturbance rejection.
The transient-process duration does not exceed 0.02 s,
indicating the high dynamic performance of the
developed control system.

It was shown that the use of a fractional astatism
order greater than one ensures a gradual reduction of
the velocity-error component under a linearly varying
reference signal and contributes to improved dynamic
accuracy of the system. At the same time, an increase
in the astatism order leads to a more complex controller
structure, which should be taken into account during
practical implementation.

The conducted research demonstrated that, for
cutting-power stabilization problems, an astatism order
in the range of 1.7-1.8 is the most appropriate choice,
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