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J10 PO3PAXYHKY JIIHIMHOI'O KPOKOBOI'O JIBUT'YHA 3 IIIJIBUIIIEHUM
TAT'OBUM 3YCHJJIAAM

Posensoaemocs KoHCMpYKyis MiHIHO20 KPOKO6020 eNeKMPUYHO20 OBUSYHA, y AKO20 WMA206€ 3YCULTA
BUSHAYAEMBCS. HOPMATLHOIO CKIAO080I0 MACHIMHOT IHOYKYTT 8 pOOOUOMY NOGIMPAHOMY NPOMINCKY, MA HABEOEHI OCHOBHI
ChiggiOHOWeNH S 01 PO3PAXYHKY MAKO20 08ULYHA 8 YUNTHOPUYHOMY 6UKOHAHHI.

Jlinilini Kpoxosi O0sucyHu 3abes3neuyromv mMouHe Kepy8aHHs I MOuHe NO3UYTIOBAHHA WUPOKOMY CHeKmpi
sacmocysannsa. Ix enacmueicmb nepemeopiosamu eiekmpuuny emepeilo 6 niuiline nepemiujenHs 06yMO6mOE ix
3ACMOCY8aHHs 6 pobomax, agmomamusayii, MeOuyHomy 0O1a0HanHI, noOymosit enekmponiyi. Ha npaxmuyi 3naxoosme
3ACMOCY8aHHS 084 NPUHYUNOBO PI3HUX NIOX00I8 01 OMPUMAHHS TIHIUHO20 NepeMilyeHHs.

Iepwuii nioxio: 6 00HOMY KOPHYCi pO3IMIWYIOMb KPOKOGUL O08U2YH 00epmogo20 muny ma MexaniuHull
nepemeopiosay Kymogozo nepemiwjenns 8 ainitine, Hanpukiao, nepedaia pelika-uiecmeprs. Kpoxosuii 0sueyn npu yoomy
Mae, Ax npasuio, bazamogasny 06MOmKy Ha CIMamopi ma NOCMIHUL MAZHIM HA PePOMASHIMHOMY POmOopi (max 36aHuil
AKMUBHULL 8APIAHMN GUKOHAHHS).

Jpyauil nioxio: nepyxoma wacmuna npedcmasisic GepomacHimuy 0CHO8Y 3 hepoMAcHIMHUMY BUCMYNAMU, KA
posmiwena no 6ciii 008x#CUHI nepemiweHHa. A pyxoma yacmuHa Micmumv HA QepoMAacHIMHUX 0ceposax OOMOMKU
KepyeauHs ma nocmiuHuil Macuim O0ns Qikcayii noNodceHHs npu 6iOKoueHHi oomomok. Tobmo, mym maemo
be3nocepeOHe nepemeopeHns eHepeii enekmpomazHimuozo noas 6 ainiunuu pyx. Came yeu eapiawm nionseac
600CKOHANIEHHIO.

Kniouosi crosa: kpokosi 0suzynu, msazoge 3ycunis, KOHCMpPYKYis, PO3PAXYHKU.
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TO THE CALCULATION OF A LINEAR STEPPER MOTOR
WITH INCREASED TRACTION FORCE

The design of a linear stepper electric motor is considered, in which the traction force is determined by the normal component
of magnetic induction in the working air gap, and the main relations for calculating such a motor in a cylindrical design are given. The
design of the motor provides a traction force almost an order of magnitude higher than that of classical stepper motors, where the principle
of operation is based on the tangential component of the traction force in the air gap.

Linear stepper motors provide precise control and precise positioning for a wide range of applications. Their property of
converting electrical energy into linear motion determines their use in robots, automation, medical equipment, and consumer electronics.
In practice, two fundamentally different approaches to obtaining linear motion are used.

The first approach: a rotary-type stepper motor and a mechanical converter of angular motion into linear motion, for example,
a rack-and-pinion transmission, are placed in one housing. The stepper motor has, as a rule, a multiphase winding on the stator and a
permanent magnet on a ferromagnetic rotor (the so-called active version), although there may be a passive rotor: the stator windings can
be powered unipolar or bipolar. In this case, control is distinguished by potential or pulse. With pulse control, as more economical in
terms of power losses, afier the pulse the winding is de-energized and the rotor is fixed by providing an internal reactive moment (if the
rotor is active), or by special magnetic or other locking devices. The latter, in our opinion, is of interest for stepper motors when performing
infrequent steps. The second approach: the stationary part is a ferromagnetic base with ferromagnetic protrusions, which is located along
the entire length of the movement. And the moving part contains control windings on ferromagnetic cores and a permanent magnet for
fixing the position when the windings are turned off. That is, here we have a direct conversion of electromagnetic field energy into linear
motion. At the same time, in the linear version, the stepper motor can be two-coordinate when adding transverse magnetic field windings
on the stator. Also, it is of interest to eliminate permanent magnets in the design of the stepper motor, which, at high traction forces, will
not be able to ensure the fixation of the moving element when removing voltage from the stator windings. This option is subject to
improvement.
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Beryn

KpokoBi enexTpuyHi ABUI'YHHM 3HaXOJSATh 3aCTOCYBAaHHS y BHINAJAKAX, KOJIM KOXXHOMY IMITyJIbCY
HAalpyry, 0 IepeaacThcsl Ha OJHY a0 JeKiibka 0OMOTOK, BIINOBiIa€ BU3HAUYECHHUH KYT IIOBOPOTY PYXOMOTO
eJIEMEHTY a00 BH3HAa4eHHUH KPOK Horo JiHiiHOro nepeMinieHHs. KoHCTpykTHBHE BUKOHaHHS (00epTOBUii a00
JIHIHHUN BapiaHT) 00YMOBIIIOE€ OCOOJIMBOCTI pO3paxyHKiB KPOKOBHUX JIBUTYHIB.

AmHaJii3 BioMux piuieHn

B Oinbmiocti KTacCHYHUX KOKOBHX JIBUTYHIB SIK JIIHIHOTO, TaK 1 00epTOBOro TUIIIB, Hanpukiaf [1,2,3],
3a IPUHIUIIOM Jii BHKOPHCTOBY€THCSI TAHT€HIIANbHA CKJIa{0Ba TATOBOTO 3yCHIUIS B IOBITPSTHOMY ITPOMIXKKY.
L5 cxiramoBa Ha MOPSAOK HIDKYE HOPMAJIBHOI CKIIAIOBOI TATOBOTO 3YCHIUISA MiTHOMHOTO €IeKTPOMATHITY.

B XMenpHUIIPKOMY HAIllOHAIBHOMY YHIBEpCHTETI po3poOiieHi KOHCTPYKIIi JiHIHHOTO KPOKOBOTO
€JIEKTPOMArHiTHOTO OBUTYHA [4,5] 3 MiIBUIIEHNUM TATOBHM 3ycwUisaM. Ha puc. 1 HaBeneHa KOHCTPYKTHBHA
cxema JBUTyHa [5].
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Pucynok 1. KoHcTpykuisi JIiHiiiHOr0 KPOKOBOI0 €JIeKTPOMArHITHOIO ABUTYHA.

AKTHBHa 4YacTMHAa JBUTYHa BKIIOYAE€ TSATOBHH e€NEeKTpoMarHit 1 3 0OMOTKOI 2, TATOBHH
eJIEKTPOMarHiT 3 3 00MOTKOIO 4, sIKip 5 Ta enekTpomarHiTu-dikcatopu 6 i 8. DikcaTop 6 KOPCTKO 3B'I3aHUI 3
erekTpomarHiToM 1, a ¢ikcaTop 8 3a momomororo mroka 7 — 3 skopeM 5. KoxkeH ¢ikcaTop BKIOUAE CBIi
MAaTrHITOIIPOBi, 00MOTKY 30yIXKSHHS, IPYKUHY, SKa i€ Ha pyXOoMHi cTomop 12.

Enexrpomarnity 1 Ta 3 3'eqHaHi IMNHUIBKOI0 9, MPUYOMY IIMMIBKA BKPYyUeHA B TiJIO €JIEKTPOMArHiTy
1, a enexkTpoMarHit 3 Mae MOXIJIMBICTH II€PECYBaTHCh IO IIMWIBII 9 I PEryNIOBaHHS CyMapHOTO
TIOBITPSTHOTO MTPOMIXKKY 3a30pY MIX TSTOBHMH €JIEKTPOMArHiTaMH Ta SKOpeM 5.

PerymoBanHsl 3JiCHIOETBCS TaiiKolo, 110 po3MinieHa B oboimi 10, ska xopcTko 3'eaHaHa 3
eJIeKTpoMarHiToM 3 i Ha KM HaHEeCeHO MO IS BCTAHOBICHHS HEOOXIAHOI BENWYIMHHU 3a30py (KpOKy
TepeMileHHs).

Pyxomoro wactmHOIO € HampsmHa-mTok |1. Po3Mmip ma3za mmiomoni6HOi GopMH B HampsMKy
MepeMilIeHHs JOPiBHIOE KPOKY nepeMimieHHs. CyMapHUH NOBITPSHUH MPOMIKOK MiXK eJIeKTpoMartitamu 1, 3
Ta SKOpeM 5 IOpiBHIOE KpoKy mepemimeHHsA. KyT ckocy masa HampsMHOI-IITOKY 1 CKocy cTomopiB 12
¢ikcaropis 6,8 o1HAKOBI.

JIBUrYH TIpaliOe HACTYHHHM UMHOM. MOro KOHCTpyKIis 3a0e3medye TArOBe 3yCHUIS JUIs
nepeMilieHHs! IToKa BiiBo. Tak, IpH MoAavi HaMpyrd Ha eJIeKTPOMArHiT 1 SAKip 5 IpUTATYETHCS 10 HBOTO i
cBoiM ctonopoM 12 ¢ikcaropa 8 nepeminrye mTok 11 BiaiBO Ha BeTHMYMHY KPOKY nepemimieHHs. [Ipu npomy
cronop 12 dikcaropa 6, CTUCKYIOUH TPYXKHHY, IiJHIMAETHCS KOB3aHHSM IIiJ] JIi€0 MWIONOMIOHOTO Masa, a
TiCTIs 3IACHEHHS KPOKY MEePEMIIICHHS 3aX0IUTh B 3arTMOICHHS i1 1i€10 MPY>KWHU B HOBUH 113, 31ICHIOIOYH
¢ikcarmito mToka. Ha kpecnenni nokasani Hanpsmu cuin onopy For ta enexTpomarHitHoi crmm Fem.

Jaini BMUKa€eThCSI 0OMOTKA €IEKTPOMArHiTy 3 i AKip 5 mpuTATyeThes 10 HhoTo. Ilpn npomy cromop 12
(ikcaropa 8 KoB3a€ MO MOXWIIIH TUIOIIMHI TTa3a HAMPSIMHOI-ITOKA, CTUCKYIOUH MPYKUHY, a TI0 3aBEPIISHHIO
KpPOKy TepeMilIeHHsI cTomop (ikcaropa 8 BXOAWTH B 3auUeIUICHHS 3 HOBHM I1a30M IITOKa. Jlam mporec
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MTOBTOPIOETHCS. TYT TOJIOBHUM € Te, MmO Timgdac pyxy abo ¢ikcarmii enextpomaruitu ¢ikcaropi 6, 8
3HecTpymiieHi. OOMoTku (ikcaTopiB 6, 9 BKIIOYAIOTHCS TOAI, KOJIM Tpeba MOBEPHYTH LITOK B IOYAaTKOBE
moJioxeHHs. ToJIi CTOMOPH BUXOATH 13 3aYCTUICHHS 31 IITOKOM, a BiH IOBEPTAETHCS B IIOYATKOBE MOJI0KCHHS,
HATIPUKJIA] MiJ €0 Bard 3 TpocoM. [IpUKIagoM Takoro MpHBOAY MOKe OyTH KepyBaHHS MMOBOPOTOM 3a
JIOIIOMOTOI0  Tlepesiadi  peifka-IIecTepHsl MaHedi COHSAYHOI OaTapei, KONM eleKTpoMarHiTH-(ikcaTopu
BMUKAIOTHCS OJIMH Pa3 MiCJIs 3aX0/Iy COHIS JUIs TOBEPHEHHs OaTapei B MOYATKOBE MMOJIOKCHHS, HATIPUKIIAT 32
JIOTIOMOT OO TMTPOTHBATH.
JIJI MOXKITUBOCTI pETyIIIOBaHHS KPOKY IEpEMIIIEHHSI 3aCTOCOBAHO HAIPSAMHY-IITOK 3 iHITHM KPOKOM
MMAIKOTIONIOHMX Ta3iB Ta BIAMOBIIHUM PETYIIIOBAHHSAM BiICTaHI MiXK TATOBUMH €JIEKTPOMATrHITAMH.
BpaxoByroun MexaHIYHHH KOHTAaKT MK PYXOMOIO Ta HEPYXOMOKO YaCTHHAMH [BWTYHA, BiH
MpU3HAYCHUH UII poOOTH B peXMMax NIpH HEYACTUX BKIIOUEHHSX, HANPUKIAN, B CHCTEMi IIOBOpOTa
COHSYHOTO TpeKepa.
IMocTaHoBKa 3amaui
BpaxoByroun HOBEe KOHCTPYKTHBHE PIIICHHS JJis JIHIHHOTO KPOKOBOTO €JICKTPOMArHiTHOTO
JIBUTYHA, € HCOOXIHICTh HABECTH JICSIKI PEKOMEH/IAIli1 CTOCOBHO PO3PaXyHKIB TAKOTO IBUT'YHA.
Po3B’s13aHHA MOCTAHOBJIEHOI 3a1a4i
B 3anpomoHOBaHMX KOHCTPYKIISX 3a MPHHIUIIOM Jii BUKOPUCTOBYETHCS CHJIA TSIKIHHS MIiXK
PYXOMOIO Ta HEPYXOMOIO YaCTUHOIO:

Q=25 (M)
2u "0
ne B, — MarHiTHa iHAyKIis B TOBITPIHOMY IPOMIKKY; o = 47+ 1077 ; Tn/M, S; — cymapHa mioma
MTOBITPSTHOTO TIPOMIXKKY.

Inp

d:
d:
| ds
j ds

)

PucyHnok 2. Mojesib KOHCTPYKII JIiHII{HOr0 KPOKOBOI0 €JIEKTPOMATHITHOTO IBHI'YHA ISl PO3PAaXyHKiB

[Ipu HEeMarHiTHOMY IITOII:
— g2 2 T2 2
So=2(d} —d3) +%(d} — d3) @
L1 cuna 3HaYHO NEPEBHUILYE CUIy, sIKa B EJNEKTPUYHMX MalIMHAX Ta anaparax BU3HAYA€ThCs
TaHTEHIIaJIFHOIO CKJIaJJ0BOIO.

2
Ha oguuwuirio o Q* = 2870'
0
2
Tax npu Bo=1 T Q* = ——— = 4- 10°H/m.

Boke npu HeBenmuKkHx po3mipax: d,;=2 cM; d,=6 cM; d3=10 cm; dy=11,5 cMm Ta ipu By=0,8 T maemo
sycumis Q = 1,28 - 103H.

Jis  po3paxyHKy KpPOKOBOTO €JIEKTPOMATHITHOTO JBUTYHa MOXXHa BUKOPHCTATH HACTYITHY
MTOCTiTOBHICTB:

1. 3aramaemo HeOOXiTHE TATOBE 3yCHILIS Q.

2. 3BakalouM Ha Te, IO PYX SIKOPS MOYHHAETHCS IMICHIS TOTO, K EIEKTPOMATHITHE 3yCHILISA Qg

MEPEBUILUTD 3yCHILIS ONOPY @, 3a1a€MO
B

2
— 0
QeM - 2u0 SO)QH (3)
Jaui 3agaeMo By 1 BU3Ha4aeMoO Sy, a miCJs bOro 3a1aemMo dq, d,, ds, d, 3 ypaxyBaHHIM TOTO, III0

MIPU OJIHAKOBIH 1HAYKIIT B IOBITPSTHOMY MPOMIKKY % (d2—d?) = %(dﬁ —d3).

3. HeoOxingHa MarHiTopymiifHa cruina 0OMOTKH:
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F=1] w =52 4)
Ho

SIK11o BpaxoByBaTH MArHiTHHH OIIp cTalli, MO)KHAa CKOPUCTATHCS CEpeIHIM 3HaYEHHSIM MarHiTHOL
TPOHMKJIMBOCTI CTalli i BU3HAYMTH TIPHBEIEHY 10 MOBITPSHOTO NPOMIKKY TOBKHHY CHIIOBOI JIiHii B cTami [y,
Ta goxaty i 1o 26.

3nadyeHHs F BU3HaYa€ HEOOXiIHY IUIONTY BikKHA MMix 0OMOTKY. ToOTO mpu BH3HaYSHHUX po3Mipax d,
Ta d; Tpeba oOpatu po3mip [, . Ciin BpaxyBaTH, IO KOE(Ili€eHT 3alOBHEHHS IUIONI 1301b0BAHUMU
npoBigaukamu K, = 0,68...0,74.

4. Nami MoxHA 00paTH JiaMeTp 130JIb0BAHOTO MPOBO/IA 1 BU3SHAYNTH KIIbKICTh BUTKIB 00OMOTKH W.

5. 1o mouaTky pyxy & = const, L = const i CTpyM 3MIiHIOETHCS 33 3aKOHOM

t
i=2(1-e™) )
L
JetT =-.

R
3 ObOoro DiBHHHHH 4Jac pylmaHHA:

1
t,=tln—, ©6)
-7
R
ne I, — cTpym, pH SKOMY TIOUHHAETHCS PYX SKOPS.
Lleit cTpyM MOXKHA BU3HAYUTHU 3 YMOBH Q,,, = Qy abo
B§ AW-n0)*So _ _ 28 [2Qn
So =0y~ 200220 =Qy—-1,=— 7N
2po (26)%-2u0 W [ 1oSo
6. 3Hal0YM KUTBKICTh BHTKIB W, HiaMeTp MPOBOAY Ta TE€OMETPIl0 KOTYIIKHA, MOKHA BHU3HAUUTH
AKTUBHHH OITip Ta IHAYKTUBHICTH OOMOTKH, a, 3HAYUTB, 1 MOCTIHHY Jacy T.
7.V mpaiii [6] B pe3yabTaTi aHaNi3y OTPUMAaHHI BUPA3 VIS 4acy MEPECyBaHH £, AKOPSL:
2m(8op+6,
( 0 K) (8)
QH
Jie m — Maca pyXxoMoi 4acTHHH; §, — M0YaTKOBA BEJIMUMHA TIOBITPSHOTO MPOMIXKKY; §, — KiHIIEBa BEJIHMYHHA
MIOBITPSHOTO MPOMIXKY (TEXHOJIOTIYHHN 3230D).
Toni 3aranpHuil Yac cupanoBaHHs eJICKTPOMArHiTy
1 2m(8p+96.
. + (Qo )
1-% H
R
8. SIxwio mpu BU3HAYEHOMY OIOpi R Ta cTpyMi /, HaIpyra KUBJICHHS HEPEBHUIIYE IOMYCTUMY, TO
Tpeba oOparu OunblIMi Aiamerp npoBoay d,,, PO3paxyBaTH KUIbKICTh BHUTKIB, OIIp OOMOTKH, CTpyM [, Ta

nepesiputu U = I, - R.

t, =

)

tep =T1n

np»

Hamnpuknan, sikiio 30U1bIIKMTH d,,, BABIYi, TO KUIBKICTh BHTKIB 3MEHIIUTHCS y 4 pa3u (IOBXKUHA

np
NpoBOJY OOMOTKH TaKoXX 3MEHLIMTHCS y 4 pasu), a mioma nposony 30utemmThes y 4 pasu. Tomy omip
00OMOTKM 3MEHIIHUTHCS B 16 pasiB, a cTpyM I, 30inbmmThes B 4 paszu. Tozi noTpiOHa Hanpyra 3MEHIIUTECS B 4
pasu.

Enepris 3a oaus 1Mk poOoTH (33 OUH KPOK):

1. Eneprisi 3a 4ac f,:

W, = flet— J [—(1—6‘ T)] dt——J (1-2e" r+e r)dt—

=—(t - 2(- r)(e‘?”—1)+(——)(e = 1) =

b T “v U2 b _2p
=—[tp+2‘[e T —2T—-e T + ] —[tp—1,5‘5+2‘[e = —0,57e T] (10)
R 2

R
2. Enepris 3a 9ac TIlepecyBaHHs ¢ IpU YMOBI, o | = [,, = const ( 3 ypaxyBauuam t;; < tp):
Wi = I;Rty an
3. Enepris 3a oiuH KpOK:
Wy, =W, + Wy (12)

[Ipn BuKOpHCTaHHI KPOKOBOTO JBWUTYHA JUISi MOBOPOTY COHSYHOI MAHENl, HaNpHKIaa, depes
nepesiady perKa-1ecTepHs, Micsisl KOXKHOTO KPOKY 0OMOTKa 3HECTPYMIIIOETHCS 1 €HEPTisl HE BUTPAYa€eThCs.
BucHoBknu
B po0GoTi HaBeneHa KOHCTPYKIs JIIHIHHOTO KPOKOBOTO €JIEKTPOMArHiTHOTO JIBUTYHA, Y SIKOTO
TATOBE 3YCHJUIS BU3HAYAETHCSI HOPMAJIBHOIO CKJIaI0BOIO 3YCHILISL B pOO0OYOMY MOBITPSTHOMY HPOMIXKKY, Ta 1aHi
peKOMeHaIT 10 PO3paxyHKy TaKOro JBUTYHA
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