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the mechanism, selecting rational machining modes and forming constraints in the machine-tool
control system.

Based on the inverse kinematic model of a machine tool with a two-coordinate parallel
manipulator, the Jacobian matrix was determined and used for analyzing velocity and force
transmission. It is shown that the velocity properties are described by the Jacobian matrix, while
the force properties are described by its transposed form. The central part of the workspace has the
best isotropy indices, whereas near the boundaries along coordinate Y the condition number
increases and the minimum singular value decreases. The construction of 3D manipulability
ellipsoids makes it possible to visually determine the directions of the best and worst velocity and
force transmission.
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TRENDS AND PROSPECTS OF HIGH-SPEED SPINDLE UNITS

The fundamental role of motor-spindles in modern mechanical engineering is a primary driver
of industrial evolution. Current trends are dictated by increasing requirements for machining
precision and productivity, both of which are defined by operating speeds. As the spindle is the
most critical machine component — providing the main cutting motion and energy transmission —
its thermal stability directly determines the quality and consistency of the final product.

From a historical perspective, machining precision has evolved from millimeter to nanometer
tolerances since the 1940s. The transition to hybrid ceramic bearings in the late 1990s allowed for
a doubling of speed performance without significant changes to structural dimensions. Current
scientific research focuses on resolving the conflict between power and heat generation, as thermal
deformations remain the primary barrier to achieving maximum precision.

Historical development demonstrates continuous improvement in machining capabilities.
Modern classification categorizes machining into normal, precision, and ultra-precision, with the
latter operating at dimensional errors of less than 0.001 um. Fig. 1 illustrates the evolution of
machining accuracy over time, from the past into the near future [1].

A key technological leap was the introduction of ceramic rolling elements, which allowed the
speed factor n dm to exceed values of 4.0 10° mm/min. This reduced machining time and improved
surface quality due to ultra-high cutting speeds [2, 3].
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Fig. 1 — Evolution of achievable rhé'ch“lh"llng precision

The motor-spindle is the primary source of thermal load in a machine tool. Energy losses are
distributed among electrical (stator and rotor), mechanical (bearing friction), and aerodynamic
factors. Using a high-speed grinding unit as an example, total power losses reach nearly 20%,
dominated by stator (11.2%) and rotor (5.4%) losses. This heating initiates a chain reaction of
thermal deformations throughout the machine structure [2, 4].

Thermal loads lead to several negative effects: from geometric errors to premature aging of
motor winding insulation. Statistical data indicate that thermal errors account for 7-17% of total
machining error, and in some cases, up to 50% of defects are caused by tool displacement due to
thermal influence. Beyond macroscopic deformations (spindle elongation of 0.1 mm or more),
heat affects micro-geometry: changes in bearing preload due to heating can halve surface
roughness (Ra), yet simultaneously drastically reduce the unit's lifespan due to accelerated wear
[2, 5]. Fig. 2 shows the approximate energy losses of a traditional electric spindle unit with rolling
elements and constant lubrication, corresponding to the highlighted zone in Fig. 1 [2].
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Fig. 2 — Energy efficiency analysis of electric spindle components

Two main approaches are used to counteract thermal effects: active compensation (cooling,
specialized materials) and software correction (adjusting CNC parameters based on models).
Promising research is focused on developing brushless spindles with air cooling and magnetic
bearings, which will allow for the complete elimination of mechanical friction. Additionally, the
development of universal dynamic balancing methods for both rigid and flexible spindles, along
with the implementation of "digital twins" to predict thermal behavior at the design stage, is
critically important. The future of manufacturing and operation technology lies in the integration
of high-speed bearings with intelligent online compensation systems, enabling motor-spindles to
fully replace traditional drives even in the most complex operations.
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Consequently, the development of mechanical engineering is directed toward ultra-precision
machining (up to 0.001 pum) through the use of ceramic bearings and high-speed processing. The
primary challenge remains thermal losses (up to 20%), predominantly within the motor, which
cause up to 50% of defects due to deformations of the spindle itself.

From the perspective of further productivity enhancement, a promising solution is the transition
to magnetic or low-viscosity fluid bearings, as well as the use of detailed modeling tools for real-
time software compensation of machining and motion errors.
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TEIJIONPYKHI JE®OPMAIIIL B TIIPOCTATUYHUX OIMMOPAX BAKKHX
BEPCTATIB

ExcrutyaraniiiHi XxapakTepUCTHKH TiAPOCTATMYHHMX OIOp 3HAYHOKIO MIpPOI0 BHU3HAYAIOTHCS
napaMeTpamMy MacTHJIbHOI PIIMHU Ta KOHCTPYKTUBHUMHM OCOONMBOCTSMU camoi onopu[1,2]. o
OCHOBHMX PeryJibOBaHMX IapaMeTpiB HajexaTb TUCK, BUTpaTa Ta TeMIepaTypa MacTuia, II0
0e3nmocepeIHbO BIUIMBAIOTH Ha HOTO B SA3KICTH 1 pexuM pobotu onopu. [Ipore HaBITH onTUMI3aIlis
3a3HaYCHMX MapaMmeTpiB He 3ale3redye MOBHOI TOYHOCTI PO3PAaXyHKIB, OCKUIBKHM OUIBIIICTDH
MPOIIECIB y TIAPOCTATUYHIN OTIOP1 € B3aEMOIIOB’ I3aHUMU Ta HEIHIMHUMHU.

[Tix niero 30BHIMIHIX HAaBaHTAXXEHb, TUCKY B KHILIECHI Ta TEMIEPaTypHUX (pakTOpiB BUHUKAIOTh
IpYKHI 1 TeT1oBi aedopmallii eneMenTiB onopH. Lle mpu3BoIuTh 10 3MiHHU 3a30py MiXK pOOOUMMHU
MIOBEPXHSIMH, & 0T)KE — JI0 3MiHU BUTPATH Ta TUCKY MACTHIJIBHOI PiTUHA. Y pe3yibTaTi mapaMeTpu
OIIOpH MOTPEOYIOTh MOBTOPHOTO MEPEPaXyHKY 3 YpaxyBaHHIM HOBHX YMOB POOOTH.

CyyacHl METOJUKH PO3PaXyHKY T1IPOCTATHYHHUX OMOp 0a3yrOThCS MEPEBAKHO HA BpaxyBaHHI
npyxHuX Aedopmariif. OXHaK pe3yIbTaTd NPaKTHYHUX LOCIIKCHb [OKA3yIOTh, IO CYTTEBHiH
BIUIMB Ha IIpale3/laTHICTh OMOPU MaloTh TaKOX TerIoBi Aedopmamii. IX irHopyBaHHS Moke
CIPUYMHUTH BTPATy TOYHOCTI 200 HaBITh 3aKJIMHIOBAHHS BY3J1iB TepTst. OCOOIUBO 1€ XapaKTEpHO
JUIsL BEIMKOTrabapuTHOTO OOJIaJHAHHS, J€ CE30HHI TeMIlepaTypHI KOJMBAHHS Ta CKJIaJHICTh
OiATpUMAaHHS CTaOLIBHOTO MIKPOKJIIMATy B IeXy CIPHYMHSIOTH 3HAYHI JIiHIMHI TEIoBi
nedopmartii.

[TpukazoM Takoro SIBUIIA CTANIO 3aKJIMHIOBAHHS BEPTIIIOTa AiaMeTpoM 1,5 M y BepTII0KHOMY
CYMOPTi TOKapHO-TBUHTOPI3HOTO BepcTaTa Mojeini KK16234d3. AnanoriuHo, 11t BACOKOTOYHHUX
BEpCTaTiB HaBiThb HE3HA4YHI TEeMIEpaTypHI 3MIHHM MOXYTb BHKJIMKATH BTPaTy TOYHOCTI
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