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ABSTRACT

In manufacturing technology, hierarchical control remains one of the most relevant topics. When applying multiple control
levels, the most complex challenge is achieving interaction between the different hierarchical levels within a unified mechatronic
technological system (MTS). The successful integration of equipment results in an intelligent control system. This article discusses
the results of experiments to determine the axial cutting force as a function of various combinations of electric currents in the stator
and armature windings of a linear mechatronic actuator. The MTS consists of a two-level control system: a CNC machine tool and a
mechatronic spindle.

At the upper control level, the CNC device provides the necessary axial feed of the entire mechatronic spindle, based on the
requirement to maintain the operational range for automatic regulation of cutting force parameters at the lower control level. The
lower control level is represented by an intelligent mechatronic mechanism designed to stabilize or programmatically change the
axial force and cutting torque. This means the force parameters are adjusted according to the technological requirements for
processing parts made from anisotropic materials (e.g., polymer composite materials in engineering, living bone tissue in orthopedic
surgery, etc.). Consequently, the anisotropy of material properties necessitates changes in drilling kinematic parameters to ensure the
programmed provision of the specified cutting force parameters.

Control at the lower level is implemented via two coils of the linear actuator. These coils interact with each other (through the
interaction of their magnetic fields) and alter the axial feed force of the drill. The experimental results allow for determining the
operational range of force parameters for the dynamic motion of the tool according to technological requirements, ensuring the
necessary processing quality while maximizing cutting tool life.
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Relevance. The precision of machine tool operations is a key indicator of equipment efficiency
and unequivocally influences the quality of the outcome. During material processing, the equipment
encounters variations in the material's structure, quality, and layer characteristics. This affects the
processing time as well as the equipment's durability due to fluctuations in the applied force and
processing temperatures.

The integration of monitoring instruments for real-time response to changes related to the
specific properties of the workpiece material enhances equipment durability and operational quality.
Based on experience in implementing technologies within specific industrial manufacturing sectors,
it has been noted that the adoption of mechatronic technological systems accelerates the
equipment's reaction to necessary process adjustments compared to corresponding mechanical
control means.

Currently, all setup and operational procedures for CNC machine tools are conducted using
standard drilling parameters for various material types. These standards were established during
equipment testing and ratified as baseline conditions for drilling. However, such settings fail to
account for specific material structural features, quality variations, the presence of defects in parts,
and numerous other factors. Consequently, a primary drawback during the operation of CNC
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machine tools is the absence of in-process software adjustment during machining, for instance,
when drilling anisotropic materials in accordance with the technological requirements for
productivity and quality.

Implementing a smart drilling mechanism in CNC equipment necessitates the creation of a two-
level control system, which makes a substantial contribution to solving the problem of flexible
response to process variations when machining anisotropic materials.

Literature Review. Currently, the theory of hierarchical control remains far from ideal, and no
established rules exist. The criteria for interaction between different levels to achieve an acceptable
control outcome are still unknown. A significant achievement in this field is the known "rule of
authority levels,” where managerial intelligence is hierarchically distributed according to the
principle of increasing precision with decreasing intelligence. This phenomenon is often observed
in hierarchical systems [1].

The situation in the field of drilling and bone cutting in medicine could be radically
transformed by applying technologies used for machining metals and composites, alongside
feedback and adaptive control, which are frequently utilized within the well-known "Industry 4.0"
framework [2].

The response of a mechatronic feedback system to an unexpected deviation is delayed, and
such a closed-loop system is not prepared for random, i.e., unforeseen, deviations [3]. A drawback
of a mechatronic system operating on the "disturbance compensation™ principle for controlling force
parameters in the processing zone is that during the execution of a dimensional machining program,
areas with altered physico-mechanical properties of the part material result in dimensional errors
manifesting as unprocessed material sections [4].

The well-known control principles — “error-controlled” and “disturbance compensation”— in
modern control theory are supplemented by a new direction: distributed and hierarchical control
systems with four levels (bottom-up): component level, data pre-processing level, intelligent pre-
processing level, and top level [5].

The idea of hierarchical (e.g., two-level) control of the cutting tool's axial movement is based
on a systems approach that ensures the necessary interaction between the upper and lower control
levels [6]. It is worth noting additional literature that was utilized. This includes methodologies of
scientific research [7], composites and drilling [8], and works on the physics of electromagnetism

[9].

Research Objective. The aim of this work is to create mechatronic technological systems for
processing anisotropic materials, featuring fast-response adaptive control based on the utilization of
a force electromagnetic field. This field can simultaneously increase and decrease the force applied
during material processing, thereby implementing intelligent control on the machine tool.

Methodology. The proposed design of a two-level control system creates equipment for
sensitive control of the mechanical processing of parts made from anisotropic materials. The
scientific research consists of two parts: theoretical and experimental. Decision-making was
structured around stages of quantitative and qualitative analysis, followed by synthesis based on the
obtained results.

At the first stage, an analysis of the research object and subject was conducted. The object is a
technological operation, an example of which is drilling small-diameter holes (up to 3 mm) in parts
made from anisotropic materials. The subject is a two-level automatic control system of a
hierarchical type, dealing with the force and kinematic parameters of mechanical processing.

At the second stage, corresponding technical systems, designs, and processes (for processing
and control) are developed to achieve the research objective. The design systems include a block
with stator and armature coils, which ensures the stabilization of mechanical processing force
parameters or modifies the force according to a specified machining technology. For instance,
resistance should be minimal when the drill enters the workpiece or when it needs to exit the
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material. Processing within the body of the part corresponds to optimal values of axial drilling force
and cutting torque.

The research was based on the following methodological approaches:

1. Modeling of the Armature and Stator Coil Block. An equipment model was created, enabling
the investigation of changes in force and temperature factors during the processing of different
material types using small-hole drilling in the 1-3 mm range.

2. Optimization of the Control Block's Influence on the Drilling Process and Selection of the
Operational Range for the Coil Gap. This ensures an optimal distance between the coils without
losing the power of the electromagnetic fields.

3. Control of the Smart Drilling Process. Implementation of a system for directly influencing
changes in the drilling process force indicators through the interaction of the stator and armature
coils. This control must be adaptive and intelligent to adjust the drilling process depending on
variations in the anisotropic materials.

To modernize and enhance the CNC technical equipment for achieving adaptive control during
material drilling, a block with two coils acting as the stator and armature embedded in the spindle
was utilized. A gap is maintained between them for dynamic motion, allowing control of the axial
drilling force while keeping the CNC machine tool feed constant. Voltage is supplied to each coil
separately from different power supply units to ensure the required resistance between them.
Furthermore, load cells are installed to record the force acting on the material (Fig. 1).

Wi

Fig. 1. General view of the machine tool with a two-level control system

To record the parameters for the analysis of the conducted experiments, let us designate them as
follows: U, — voltage on the stator coil winding; U, — voltage on the armature coil winding;

L — gap between the coil end faces; F— axial force (Fig. 2); I, - current in the stator coil
winding; I, — current in the armature coil winding (Fig. 3).

Research Results. The study was conducted using two integrated systems: a CNC machine
tool responsible for the axial feed of the mechatronic spindle (the machine's vertical moving
platform housing the spindle with two coils exhibiting mutual resistance with a gap for drill feed
adjustment), and the mechatronic spindle assembly itself.

1. During a stable drilling process, i.e., when the force parameters remain within the
programmatically permissible values (standard material drilling parameters), the spindle functions
as an integral component of the CNC machine tool. Control is executed within the XYZ working
coordinates by the CNC system. Drilling accuracy in this regime is determined solely by the
technical properties and characteristics of the machine tool.
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2. During the drilling operation, the CNC system does not account for the specific
characteristics of anisotropic materials. Therefore, integrating the electrical coil control system into
the spindle introduces the capability for intelligent control in response to variations in the vertical
feed force. If the force applied to the material is insufficient, the armature coil increases the load on
the drill to compensate for the force deficit. Conversely, when the force is excessive, the stator coil
displaces the armature coil to reduce the pressure.

To configure the interaction between the two systems, an analysis of the operating point is
necessary. This point is defined as the state where the stator and armature coils exert equal repulsive
force on each other, stabilizing them in a stationary relative position. This establishes the baseline
spindle movement interval for responding to variations encountered in anisotropic materials.

Fig. 2. Spindle with two embedded coils and Fig. 3. Power supply units for independent
a gap L between them current supply to the stator and armature
coils

The experiments were conducted with different configurations of stator and armature coils,
varying the inter-coil gaps and polarity. Drilling was performed on materials of identical density,
while the feed rate on the CNC machine tool remained constant for all test cycles. Drills with a
diameter of 1.2 mm were used. The operational gap ranges between the coils were set as follows:
(1) 2-3 mm, (2) 5 mm, (3) 7-8 mm. The voltage applied to the stator coil winding was fixed within a
single experiment at values of 0V, 2V, 4V, and 6 V. The voltage supplied to the armature coil was
varied within a range from 0 V to 16 V (Fig. 4). The current in the armature coil winding and the
axial force acting on the material during the constant feed from the CNC machine tool were
recorded.

As a result, graphs (presented below) were compiled, illustrating the dynamics of the axial
force change under the influence of the dynamically varying armature coil current, while other
parameters on the machine tool remained static. Let us consider the results concerning the influence
of changes in the armature coil current supply, under the condition of zero current supplied to the
stator coil, and the overall research findings across different operational ranges.
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The provided graph (Fig. 4) demonstrates that an increase in the armature coil current amplifies
the drill's impact force on the material under a constant feed rate from the CNC machine tool. To
achieve optimal performance, it was necessary to experimentally determine the operating point
corresponding to the static indicator of the material impact force. This enables the stabilization of
the drilling process for a consistent axial force magnitude; any deviation from this value activates
the intelligent control system to stabilize the machine tool's operation. To analyze the operational
voltage range for the stator, a graph compiling data from various experiments was constructed.

The first graph depicts the experimental results obtained using the smallest operational range.
The distance between the stator coils and the armature coil was only 3 mm. Zero drill thrust force
on the material is achieved when a voltage of 4 V is supplied to the stator coil, corresponding to a
current supply of 1.24 A, while the voltage on the armature coil varies in the range of 4 to 8 V,
equivalent to a current range of 1.22 to 2.43 A (Fig. 5). When utilizing this operational range, a
balance of opposition between the two coils is established.

The subsequent graph presents the experimental results obtained with an operational range of 5
mm. The zero thrust force is likewise achieved at a stator power of 4 V, corresponding to a current
supply of 1.13 A, while the armature coil voltage was varied within the range of 4 to 8 V, equivalent
to a current range of 1.17 to 2.35 A (Fig. 6). This operational range similarly ensures the attainment

of the required result, as did the previous one. However, the greater distance between the coils
allows for a wider range of variation.
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The graph (Fig. 7) clearly indicates that with a gap of 7-8 mm and a stator coil voltage of 4 V
(corresponding to a current of 1.12 A), the pressure force on the material reaches nearly zero when
the armature coil voltage varies in the range of 4 to 8 V (corresponding to a current range of 1.15 to
2.32 A). This operating point corresponds to the balance of opposition between the two coils and
eliminates the error caused by the vertical forces from the CNC machine feed.

Based on experimental research, a coil gap range of 7 to 8 mm was established as the
operational range. This gap provides a sufficient interval for responding to structural variations in
anisotropic materials without compromising the force interaction between the coils via their
electromagnetic fields.

This operational range was determined by averaging all analyzed parameters. It provides a
sufficient gap between the coils, allowing for responsive adjustments to variations in the drilling
process. Furthermore, the electromagnetic opposition utilizes the minimum possible power, leading
to cost savings in production.

During repeated experiments under identical conditions, the error between results averaged
between 3 % and 4 %. These indicators should be reduced by employing analog controller
instruments for data acquisition, which would enable recording values within the drilling
operational range and capturing a more precise average value for a single experiment.

Conclusions. 1. The implementation of a two-level control system on CNC machine tools will
enhance the quality of processing parts made from anisotropic materials by introducing adaptive
control for maintaining stable drill feed under varying conditions.

2. This technology will improve control over complex operations that typically require either
high-precision and expensive equipment or a highly skilled operator relying on extensive
experience. For instance, in surgical procedures involving bone drilling, where precision and quality
are paramount; such a two-level control system will mitigate the influence of the human factor on
work quality and eliminate so-called iatrogenic processing defects.

3. In the future, to improve the equipment and automate drilling control, it is necessary to
incorporate controllers. Currently, the operational parameters of the machine tool are fixed, and
materials are processed according to the axial force specified in the control program. The machining
of anisotropic materials, however, requires real-time adjustments during the drilling process. This
variation is manifested in the gap between the coils and, in perspective, should be monitored by a
sensor that detects the displacement of the central point within the gap.

If the mean point shifts toward the stator, an increased voltage should be applied to it in order
to raise the resistance and return the mean point to its nominal position within the inter-coil gap.
The same control principle should be applied to the armature coil. Such monitoring will enable the
adjustment of the axial load force instantaneously, during the process itself, rather than after the
completion of the predefined machining program.

4. The utilization of electromagnetic fields in mechatronic technological systems significantly
enhances the instantaneous response to changes in the drilling process. By increasing or decreasing
the current in the stator or armature coils, it becomes possible to adaptively correct the force load on
the cutting tool, ensuring high productivity and processing quality. Simultaneously, if the changes in
the coil gap reach the minimum or maximum permissible values, the intelligent system must notify
the CNC machine tool of the need to change the programmed feed rate. This requires integrating a
coil position change controller and a corresponding automatic control system.

5. To obtain accurate experimental results, a computerized system for collecting and analyzing
experimental data should be employed. This system must display data arrays at required time
intervals, for instance, with a frequency of up to 200 Hz. This will ensure the accuracy of the
experiments and prevent errors during calculations and result recording.

6. A distance of 7 mm was selected for the operational range, as it provides a sufficient interval
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for conducting further experiments. However, the provided graphs for gaps of 2 mm and 5 mm
demonstrated a similar relationship with variations in the current supply between the coils. This
indicates that these ranges can likewise be used for specific applications that require the operation
of tools with small dimensions.
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AHOTALIA

VY TtexHomorii MamMHOOYTYBaHHS OmHi€l 13 HaHaKTYyaJ bHIIINX TeM JOCI BBAXKAIOTH i€papxiuyHe KepyBaHHS. B 3acTocyBaHHI
JIEKIJIbKOX PIBHIB yHpaBIIiHHSA HaWCKJIAIHIIIMM IIPOIECOM SIBIISIETHCS NOCSTHEHHS B3a€MOZil Ha Pi3HHMX PIBHAX iepapxii y pamkax
enuHOi MexarpoHHOi TexHonorigHoi cuctemMu (MTC). Ilpn Bmanomy moeqHaHHI OONAagHAHHS OTPHMAE iHTENIEKTYallbHY CHCTEMY
KepyBaHH:. Y CTaTTi PO3IISIHYTO PE3yIbTaTH IPOBEICHUX €KCIIEPUMEHTIB 110710 BU3HAYEHHSI OCbOBOI CHJIH Pi3aHHS Yy 3aJI€XKHOCTI Bijt
MOEHAHD PI3HHUX 32 BENMYMHOIO EIEKTPHYHMX CTPYMiB OOMOTOK cTaropa Ta sSIKOpsl B JiHIHOMY MeXaTpoHHOM akryaropi. MTC
CKJIaJJa€ThCS 3 IBOPIBHEBOI CHCTEMHU KepyBaHHs: MeTanopizansHoro Beperara 3 UIIK ta MexaTpOHHOro IIMTHHEII.

Ha BepxHboMy piBHi kepyBanHs npuctpoeM UIIK 3abesnedyerbess HeoOXizHAa 0CbOBA 11071a4a BCbOIO MEXaTPOHHOI'O IITHHIEINS
BUXOJIAYM 13 yMOBH 3a0e3MeYeHHs PoOOYOro [iana3oHy aBTOMAaTHYHOTO PEryIIOBAaHHS CHIIOBHX IapaMETpiB Pi3aHHS HA HIDKHIM
piBHI kepyBaHHs. HKHIH piBeHb KepyBaHHS NMPEACTABICHNI 1HTENEKTYaIbHIM MEXaTPOHHUM MEXaHi3MOM, SIKUH NMpHU3HAYeHHUH JUIs
crabinizanii a6o mporpaMHoi 3MiHM OCBOBIH CHIII Ta KPyTHOI'O MOMEHTY pi3aHHS, TOOTO CHJIOBI ITapaMeTpH 3MiHIOIOThCS BiAIOBITHO
BHMOTaM TeXHOJIOT1i 0OpoOKH neTaneH, siki BHPOOJISH] 3 aHi30TPONHUX MarepiaiiB (ToniMepHi KOMITO3UIIHHI MaTepialy B TEXHII,
JKMBA KiCTKOBA TKaHWHA B OPTONEAWYHIN Xipyprii Tomio). TakuM YMHOM, aHI3OTpOIIS BIACTHBOCTEH MaTepialliB BUMarae 3MiHy
KiHEMaTHYHHUX TapaMeTpiB CBEPUIIHHSA BHXOASYM 3 HEOOXiTHOCTI INporpaMHOro 3a0e3ledeHHs BKa3aHWX CHIIOBHX MapaMeTpiB
pi3aHHS.

KepyBaHHs Ha HIXKHBOMY PiBHI BiOYBAa€ThCS 3aBJSAKH JIBOM KOTYILIKaM JIiHIHHOrO akryaropa. Lli KoTymkn BIUIMBAtOTh OJjHA HA
oziHy (depe3 B3a€MOJIiI0 MarHiTHUX MOJIB KOXKHOI KOTYIIKHM) Ta 3MiHIOIOTh OCbOBY CHIIy Iofadi cBepiuia. Pe3ynbraTé HpoBeieHOro
EKCIIEpHMEHTY J03BOJISTIOTH BU3HAYUTH POOOUYMI [iala3oH CHJIOBHX MapaMeTpiB JUIS JWHAMIYHOTO PYXy IHCTPYMEHTa BilITOBiHO
TEXHOJIOT1YHHX BUMOT, 100 3a0e31eunTH HeoOX1THY SKICTh 0OpOOKH ITPpH MaKCUMANbHIH CTIFKOCTI piXydoro iHCTpyMeHTa.

KirouoBi ciioBa: po3yMHE CBEpUTiHHS; aJaNTHBHE KepyBaHHS, OChOBA CHJIA CBEPIUIHHS, KPYTHHH MOMEHT pi3aHHS;
JIBOPiBHEBA CHCTEMa KepPyBaHHS,; aHI30TPOITHI MaTepiain
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