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Abstract. Motor-spindles are belong to a special class of complex dynamic systems of natural and natural-anthropogenic origin,
which can be realized both translational and rotational motion, and represent a variety of developing species. Such systems are used
in metalworking complexes, lathes, milling, drilling, grinding, multi-purpose and other machines. In modern designs of spindle units
rolling bearings, hydrostatic, hydrodynamic, gas-static (aerostatic), gas-dynamic (aerodynamic), magnetic bearings and their com-
binations (hybrids) are used, for example, gas-magnetic (gas-static bearings with a magnetic suspension that allows to provide rota-
tional frequencies) up to 10-20 thousand rpm, and in drilling and milling and grinding up to 100-200 thousand rpm and above. With
the further development of technology in the machine-building industry, motor-spindles began to appear, which are able to realize
the movement of the feed by means of gears and couplings, using pneumatic systems. They are also able to realize the movement of in
using hydraulic systems, using screw gears. The design concepts of hybrid and combined the motor spindles, received by results of
structural anticipation on the basis of use of innovative synthesis methods of hybrid electromechanical systems are considered. Re-
sults of mechanical calculations of rigidity and electromagnetic calculations are presented in the article. On the ground of the calcu-
lation data the operability analysis of the electromechanical systems of motor spindles is made. To develop a morphological model,
functional features were selected, which are systematized and divided into three groups in accordance with the modular principle.

Keywords: electromagnetic chromosome, hybrid electromechanical structure, combined electromechanical systems, spindle motor,
innovative synthesis, multi-coordinate drilling-milling machine, main motion drive, carrier system.

Introduction

Modern electromechanical systems of Spindle-
motor-type are the result of the most advanced scientific
and technical achievements in such areas of technical
science, as: Machine-tool Construction, Electromechanics,
Materials Science, Electronic control systems, etc.

The main application field of the spindle-motor
systems is turning spindle unit development for milling
machines and the processing centers in a mass production.

Results of fundamental research received in recent
years in the field of Genetic and Structural Electrome-
chanics (development of bases of the theory of hybrid
electromagnetic and electromechanical systems (EM-
systems) [1-4] and development of technology of struc-
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tural anticipation [3, 5]), has opened the possibility of
realization of essentially new methodological approach
for statement and solution of problems in search design of
any classes of EM-systems, including the hybrid and
combined systems of a various functional area by the set
criterion function.

In this article the main results of electromagnetic
and mechanical calculations and the analysis of operabil-
ity of new versions of competitive samples of the com-
bined hybrid EM-systems of Spindle-motor-type, received
by the results of directed genetic synthesis [5, 7] are stated.

Exposition

Based on the results of synthesis of new spindle-
motors with linear and rotary motion from a created num-
ber of the hybrid and combined electromagnetic chromo-
somes [5, 7] there were selected two chromosomes, most
fully satisfying the set criterion function. On their basis
there were developed two constructive solutions of spin-
dle-motors intended for operation in metalworking ma-
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Fig. 1. Spindle-motor unit for machine tool station designed by results of genetic synthesis [6, 10]

chinery of new generation [8, 9]. One of constructive so-
lutions of a new spindle-motor design is presented
in Fig. 1 [10].

Its design consists of: 1 — spindle; 2, 3 — forward

and back support; 4 — clamping chuck; 5 — cutting tool;
6 — movable sleeve; 7 — guide; 8 — guide slot; 9 — flange;
10 — screw nut; 11 — screw; 12 — fastening capscrews; 13 —
stationary part of machine tool; 14 — adapter flange; 15 —
screw connection; 16 — screw support; 17 — axis stepper
motor; 18 — static stator; 19 — rotor; 23 — cooling fan.

In morphological models (Tables 1-3) from the
work of V. Shinkarenko [11] the primary sources of the
field and, in particular, the electromagnetic field are
taken: CL — cylindrical; CN — conical; TF — toroidal
flat; TC — toroidal cylindrical.

Also for the development a morphological set of
models, we choose the functional features, which are di-
vided into three groups in accordance with the modular
principle [12]: the module of the drive of rotational main
motion (table 1), the module of the drive of translational
motion (feed) (table 2), mechanism (table 3).

To develop a morphological model, we choose the
functional features, which are divided into three groups in
accordance with the modular principle:

1. The module of the drive of rotary main movement.

2. The module of the drive of translational move-
ment (feeds).

3. Clamping mechanism module.

For the first module we choose signs:

1. Source of energy.

2. Primary field source (PFS).

3. Number of spindles.

4. Type of spindle supports.

5. Supports of radial fixing of a spindle.

6. Support of axial fixing of a spindle.

7. Communication between spindles.

8. The connection of the spindle with the PFS
9. Geometric axis of the spindle.

10. Relative location of spindles.

11. Execution of the case of the spindle module.

For another module:

12. Source of energy.

13. PFS.

14. Type of motion transducer.

15. Location of guides.

16. Execution of guides.

17. Type of clamping chuck on the transducer of
movement and force.

18. The base surface of the chuck for connection to
the spindle.

19. Power source in the drive clamp-unclamp.

20. PFS

21. Type of energy (force) converter.

After developing a morphological model, proceed
to the synthesis of variants. The number of options can be
determined by astronomical numbers, because each of the
characteristics (signs) has different options (alternatives).
The set of variants of the morphological model allows to
determine the full number of solutions.

Thus, the proposed model gives the total number of
spindle assemblies and spindle-motor, among which there
are many still unknown:

Nyg =Ny - N3 - N = 680882825600

Morphological models allow to systematize a fairly
large amount of knowledge about morphology in a
compact form, make it possible to formalize the pro-
cess of ordering many of the options placed in the model.
The quality of the morphological model largely de-
termines the final result of the search for a solution to
the problem [13].

The development of morphological models is the
initial stage of morphological research-morphological
analysis, the purpose of which is the classification of the
studied object or set of objects, followed by the transition
to morphological synthesis [14].
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Table 1. Morphological model of structural diagrams of the rotary motion drive module
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Spindle (rotor
2. Primary P ( )
1. Energy source | field source Supports
(PFS) . 4 . . .
3. Number 4. View 5.Radial fixation 6. Axial fixation
1.1.Electrics 2.1.CL 3.1.1 4.1. Rolling 5.1.0ne radial 6.1.0ne axial
1.2.Liquid 2.2.CN 322 4.2. Liquid 5.2. Two radial 6.2. Two axial
. . . 63.0 dial
1.3.Air 2.3.TF 3352 4.3. Air (Gas) 5.3. Three radial re radia
thrust
5.4. ially- 6.4.T ial-
1.4.Combination 24.TC 4.4. Magnetic One.radla Y wo radia
persistent thrust
4.5. Combined 6.5. None
7. Between the spindles 8. PFS 9. Geometric axis 10.1. In parallel 11.1.Flanges

8.1. Coaxially

7.1. None through the 9.1. Horizontal 10.2. Perpendicular 11.2. On the paws
coupling
. 8.2. Inside .
7.2. Electro-magnetic field o 9.2. Vertical 10.3. At an angle 11.3. In the bracket
(built-in)
8.3.Through .
7.3. Mechanical mechanical 9.3. Inclined H4. Wlth one
.. enclosing stator
transmission

9.4.Horizontally-vertical

Table 2. Morphological model of structural diagrams of the feed module (translational drive)

14.T f 1 Guides
12. Source of energy 13. PFS ype ofmotion - ]
transducer 15. Location 16. Execution
14.1. Serewine steam 15.1. Parallel to the
1.1. Electricity 13.1.CL o £ same plane as the 16.1. Rolling on balls

sliding

spindle axis

1.2. Liquid

13.2. flat in one

direction

14.2. Rolling screw pair

15.2. Coaxially behind
the spindle

16.2. Rolling on rollers

1.3. Air

13.3. flat in two

14.3. Gear-rail

15.3. Coaxially inside

16.3.Sliding on the bars

directions transmission the spindle
15.4.Made i th 16.4.Sliding i
1.4. Combination 14.4. None ade in another Sliding in grooves
plane (or holes)

Table 3. Morphological model of constructive diagrams of the module of the blocking mechanism

Clamping chuck Clamp drive
17. Type 21.T f i
18. Base surface 19. Source of energy 20. PFS ype of energy conversion
(force)

17.1.Elastic 18.1. Conical 19.1.Electrical 20.1.CL 21.1. Screw sliding
17.2.Spiral 19.2. Biological

18.2. Two conical 9:2. Biological (by 20.2. PL 21.2. Ball-screw pair

hand)

17.3. Wedge 18.3. Conical and butt 19.3.Hydraulic 21.3. Gear transmission
17.4 Lever 18.4. Conical and cylindrical 19.4. Air
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a

Fig. 2. The analytical model of influence of design parameters on static stiffness in a spindle-movable sleeve-tool
system with due consideration of compliance of spindle bearing section and movable sleeve during milling cutter

displacements: @) minimum, ») maximum

For the first time, an integrated model for
schematic-many-parametric ~ synthesis of  spindle
assemblies using different energy sources and converters
in the form of a morphological set of three morphological
models of constructive schemes of modules: main motion
drive; feed drive (longitudinal motion); clamping
mechanism.

To check operability of spindle-motor system the
stiffness analysis of spindle-movable sleeve-tool taking
into account a compliance of spindle bearing section,
chuck and movable sleeve was made.

The analytical model for definition of influence of
design parameters on static stiffness [15] in a spindle-
movable sleeve-tool system is presented in fig. 2. Part
positioning in a fixation point in the chuck is considered
as the hypothetical elastic and frictional hinge and de-
pends on type of the chuck and a way of tool retention.

Fig. 3 represents the milling cutte displacement vs
movable sleeve reach diagrams [16].

Testing of the synthesized and manufactured
amateur motor-spindle (Fig. 4) for rigidity [17], which was
carried out in accordance with the recommendations of

GOST 370-93 “Vertically vertical drilling. Norm of accuracy
and rigidity” and GOST 9726-89 “Vertical milling
machines with a cross table. Terminology. Basic
dimensions. Standards of accuracy and rigidity”, showed
its efficiency and competitiveness.

These dependency diagrams give the possibility to
conclude, that for increasing the static stiffness of the
automatically operated spindle-motor system by the
means of design parameters it is necessary:

a) to increase stiffness of the chuck tool system by the
means of clamping chuck with double clip application [18];

b) to increase stiffness by the means of movable
sleeve base increasing [19];

¢) to reduce a gap, to decrease the undulation and to
use roller ways instead of slide ways.

At the present moment the production of the spin-
dle-motor prototype, corresponding to this constructive
decision, is realizing.

The other constructive solution of spindle-motor
system, developed on the basis of the synthesized hybrid
EM-structure features realization of linear motion by
means of the linear electrical motor.
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Fig. 4. The design of direct drive spindle-motor

Fig. 3. Dependence diagrams of the milling
cutter displacement at the place of force P
against movable sleeve reach: @) in case of two
stiffnesses of the chuck-tool system; b) in case
of movable sleeve base increasing; c) in case
of two end plays

Such spindle — motor unit (Fig. 4) [20] consists of:

1 — spindle; 2,3 — bearings; 4 — stator of rotating
movement electrical machine; 5 — stator winding; 6 —
guide slot; 7 — inner rotor of rotating movement electrical
machine; 8 — outer rotor of rotating movement electrical
machine; 9 — movable sleeve; 10 — clamping chuck; 11 —
cutting tool; 12 — case; 13 — adapter flange; 14 — linear
inductor; 15 — winding of linear inductor; 16 — mover of
linear inductor with permanent magnets; 17 — supporting
arm; 18 — guide; 19 — Bearings of linear motion guide.

One of the features of the synthesized hybrid struc-
ture of spindle-motor (fig. 4) is that, the distributed stator
winding of rotating electric machine is performed by U-
shaped sections forming dual active surface. The movable
sleeve is performed hollow as two mechanically connect-
ed cylinder surfaces, where the external and internal ro-
tors are mounted. The external and internal rotor windings
are designed with cupper sputtering [21].

To prove the operability of this electromechani-
cal converter the electromagnetic calculations of elec-
trical machines of the main and linear movements were
made using analytical methods and the finite-elements
method in the program environment of COMSOL Mul-
tiphysics 3.5a [22].

The following parameters of serial spindle-motors
of average power were taken as the initial data of calcu-
lation:

— output power: P,= 35 kW;

— rotation speed: » = 10000 rpm;

— spindle — motor diameter: D; = 0,2 m;
— active length: L; = 0,315 m;

— number of phases: m = 3;

— voltage level: U=480 V

There were calculated and constructed the running
characteristics, as well as currents and active capacities de-
pendences on loading (fig. 5 a, b) for the electrical machine
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Fig. 5. The estimated characteristics of the main movement electrical machine of spindle-motor:
a) running characteristics, b) currents and active capacities dependences on loading

of the main movement. The electromagnetic fields mathe-
matical modelling results are presented at the fig. 6. [23].

It is also planned to make the experimental prototype
of hybrid spindle-motor of this design (fig. 4.).

Conclusion

To make the operability analysis of the developed
constructive solutions of new spindle-motor systems the
mechanical and electromagnetic calculations confirming
operability of the synthesized designs were executed.

Surface: Magnetic flux density, norm [T]_Contour: Magnetic potential, 2 companent [Whyfm]

To increase the static stiffness of the automatically
operated spindle-motor system (fig. 1) it is necessary to
increase stiffness of the chuck-tool system by the means
of clamping chuck with double clip application, to
increase stiffness by the means of movable sleeve base
increasing, to reduce a gap, as well as to decrease the
undulation and to use roller ways instead of slide ways.

To reduce the iron loss of the automatically
operated spindle-motor system (fig. 4) it is necessary to
make the optimization of the slot configuration of an ex-
ternal stator active surface of the main movement electri-
cal machine.
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Fig. 6. Electromagnetic fields calculations: @) electrical machine of the main movement; b) electrical machine

of linear movement
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AHaJIN3 MCNOJIb30BHUSA INEKTPOMEXAHNIECCKUX CUCTEM TUIIA MOTOP-IITNIUHAC/Ib

K. A. OaeiiHuk

Annomayusn. Momop-wnunoenu npunaoiedcam K 0cobomy KIACCy CLONCHBIX OUHAMUHECKUX CUCMEM NPUPOOH020 U NPUpoOHO-
AHMPONO2EHHO20 NPOUCXONCOCHUSL, KOMOPbLe MO2YIM Peaiu306bleans KAK NOCMYNnameibHoe, maKk U pawamenbHoe 08udcenue, u
npeocmasisaiom paziuutsle 6udbl, KOmopole pazeusaromcs. Takue cucmemvl NPUMEHSIIOMCSL 8 MeMaioo6pabamvléaouux KOMNieK-
cax, MoKapHvIX, pe3epHbiX, CEEPAUNbHBIX, UIUPOBATLHBIX, MHO20YELe8bIX U OPY2UX CIAHKAX. B cO8peMEHHbIX KOHCMPYKYUSX WNU-
HOENbHBIX a2pe2amos UCNONb3VIOMCSL NOOWUNHUKY KAYeHUsl, 2UOPOCMAmuyecKue, 2UOPOOUHAMUYECKUe, 2a30CMAMUYecKux (aspoc-
mamuyeckue), 2a300uHamuiecKue (AdPOOUHAMUYEecKUe), MAZHUMHbLe ROOWUNHUKU U UX KOMOUHayuu (2ubpuosl), Hanpumep, 2a3oma-
CHUMHU  (2a30CMAMU4ecKuX NOOWUNHUKU C MASHUMHAS NO0BECKd, NO360JAI0Was 006ecnevusams yYacmomsl 6paujerus) 0o
10-20 moic. 06/mun, a npu ceepirenuu u gpeseposanuu u uinugosanuu 0o 100—200 moic. 06/mun u eviue. C OanbHetmUM pa3eumu-
eM MeXHONO2UN 68 MAUUHOCMPOUMENbHO NPOMBIUIEHHOCMU CMAU NOAGIAMbC MOMOP-WNUHOENS, KOMOpbie CHOCOGHbL pedu-
308b186AMb OBUICEHUE NOOAUU C NOMOWBIO UWeCePeH U My@m, UCNONb3YsL NHeBMAMUYECKUe CUCTNEMBI.

Onu makoice MO2ym peanu306vl8ans OGUIICEHUe NPU UCNOAb308AHUU 2UOPABIUYECKUX CUCTNEM, UCNONb3YS GUHMOBLLE WUECMEPHU.
Paccmompenvt koncmpyKkmueHvie KOHYenyuu 2UOPUOHbIX U KOMOUHUPOBAHHBIX MOMOP-UNUHOEEH, NOLYYeHHbLe N0 Pe3yIbmamam
npeoCcKazanuust KOHCMPYKYUul Hd OCHOBE UCNONb308AHUS UHHOBAYUOHHBIX MEeMOO08 CUHMEe3a 2UOPUOHBIX DJIeKMPOMEXAHUYECKUX CUC-
mem. B cmamve npedcmagnensl pe3yibmamul MeXaHUYECKUX PACYemos JicecmKoCmu U d1eKmpomazHumuuslx paciemos. Ha ocnosa-
HUU pACHemHbIX OGHHBIX NPOGEOEH AHAU3 PabomMoOCnOCOOHOCIU INeKMPOMEXAHUYECKUX cucmeM wnunoenei osueamens. /s pa-
3pabomku mopgonocuueckou mooenu vl 6blOpan QYHKYUOHALbHbIE NPUSHAKU, KOMOPbIE CUCMEMAMUUPOBAHbL U PA30eieHbl HA
Mpu 2pynnvl 6 COOMEEMCMEUU ¢ MOOYIbHO20 NPUHYUNA.

Knioueevie cnosa: s1ekmpomMacHUmMHAs. XpOMOCOMA, 2UOPUOHASL TIEKMPOMEXAHUYECKAsl CIMPYKMYPA, KOMOUHUPOBAHHbIE DNIeKMpPO-
MeXaHuyeckue CUCMeMbl, WNUHOETbHbIU V3el, UHHOBAYUOHHbIUL CUHME3, MHO20KOOPOUHAMHO20 CEEPIUIbHO-(pe3epHblll CIMAHOK,
2NIA6HBIIL NPUBOD, HECYWdsi CUCMEMd, MOMOP-URUHOENb, DIeKMPOMEXAHULECKUN NPUB0O, CUCMEMHO-MOPHON0UHEeCKUll N00X00,
CUHME3UPOBAHHDLIL NPUBOO 2/LAGHO20 OBUICCHUSL.

AHaJIi3 BUKOPHCTAHHSA €JIEKTPOMEXAHIYHUX CHCTEM THITY MOTOP-IINUH/IENb

K. O. OuniitHuk

Anomauyis. Momop-wnunoeni nanedcamv 00 0COOAUBO2O KIACY CKAAOHUX OUHAMIYHUX CUCIEM NPUpOOH020 mMd HPUPOOHO-
anmpono2eHH020 NOX0O0JICEHH, AKi MOJICYMb Peanizogyeamu K NOCMynanibHull, max i 06epmanvuull pyx, i npeocmasisaions pisHo-
Mauimui 6uou, wo posgueaiomucs. Taki cucmemu 3acmocogyiomsves 8 Memano0opOOHUX KOMNIeKCax, MOKaApHUX, pesepHux, ceepo-
JUTBHUX, WINIQYBaANbHUX, 6A2AMOYiNTbOBUX MA IHWUX 8epcmamax. Y cy4acHux KOHCMPYKYIAX WNUHOETbHUX azpe2amis 6UKOpUCmO-
8YIOMbCS NIOWUNHUKYU KOYEHHs, 2I0pocmamuyni, 2i0poOUHAMIYHI, 2a30CMamuyHi (aepocmamuyHi), 2a300UHAMIYHI (AepOOUHAMIYHI),
MazHimui niowunnuky ma ix komobinayii' (2ibpuou), nanpuxaao, 2azomazHimui (2azocmamuyni NIOWURHUKY 3 MACHIMHA NI0GICKA, WO
0o3e6on5€ 3abe3neuyeamu wacmomu odvepmannsi) 0o 10-20 muc. 06/x6, a npu ceéeponinni ma Qpesepyeanni ma wnigyysanti 0o
100-200 muc. 06/x6 i suwe. 3 HOOANLWUUM POZGUMKOM MEXHONL02IU Y MAUWUHOOYOIGHIL NPOMUCIOBOCHT CIANU 3 AGTAMUCS MOMOP-
wnuHoeni, SKi 30amui peanizogyeamu pyx nooadi 3a 00NOMO2010 WeCMEPEHb | Mypm, SUKOPUCMOBYIOUU NHeGMAMUYHI CUCTIEMU.
Bonu maxkooic modcymov peanizogysamu pyx npu GUKOPUCMAHMI 2IOPABNIUHUX CUCMEM, GUKOPUCTOBYIOUU 26UHIMOSI UlecmepHi.
Poszenanymo xoncmpykmueni konyenyii 2iopudHux ma KomOiHO8aHUX MOMOPHUX WNUHOENI8, OMPUMAHI 3a pe3yibmamamu nepedda-
YeHHsI KOHCMPYKYIT Ha OCHOBI 8UKOPUCMAHHSA THHOBAYIUHUX MemOo0di6 cunmesy 2iOpUOHUX eleKMPOMeXaHiyHux cucmem. Y cmammi
npeocmasneni pe3yrbmamu MexaniuHux po3paxyHKie JcopcmKocmi ma enekmpomazHimuux pospaxynkie. Ha niocmasi pospaxymko-
6UX OAHUX NPOBEOEHO AHANI3 NPAaye30amHOCMI el1eKMPOMEXaniunux cucmem wnunoenie ogueyna. s pospobku mopgonoeiunoi
Mooeni 6yno 06pano QYHKYIOHATbHI 03HAKU, SAKI CUCMEMAMU308AH0 MA PO30LIEHO HA MPU 2PYnu 8I0N0GIOHO 00 MOOYIbHO20 NPUH-
yuny.

Knrwuogi cnosa: enexmpomazHimua xpomocoma, 2iOpuoHa eiekmpomexaniyvna cmpykmypa, KomOiHo8aHi enekmpomexaniuni cucme-
MU, WRUHOEbHULL 83011, IHHOBAYILIHULL cuHme3, 6a2amoKoopOUHAMHUL C8EPONUTbHO-(pe3epHuil 6epcmam, 20I06HUL NPUBIO, Hecyud
cucmema, MOMOP-UNUHOELb, eLeKMPOMEXAHIYHULL NPUBOOD, CUCMEMHO-MOPGHONI0IUHUL NIOXIO, CUHME308AHUL NPUBOD 20I0BHO2O

pyxy.
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