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Abstract - Cylindrical linear induction motors are
used in the electric drive of manipulators and
industrial robots due to their advantages, the main of
which are simplicity of design, high manufacturability,
unification of units and parts. They provide direct
linear movement of the executive body of the
manipulator without the use of circular to linear
converters. These motors have a closed design, in
which the stator winding is protected from direct
environmental influences and can be sealed. They are
convenient for installation, dismantling and repair.

The article describes the design features of linear
asynchronous cylindrical motors. A constructive
variety of engines is noted, which is due to a specific
mechanism with linear movement of the executive
body.

A review of literature showed that there is no single
approach to the name of engines of this type. Different
sources use the following names: three-phase
cylindrical magnetofugal motor, coaxial linear motor,
cylindrical linear asynchronous motor, tubular linear
asynchronous motors.

The decomposition of the structure. The main
structural elements of the engine include the following:
a stator, a runner, a runner centering system and an
engine cooling system. In practice, engine design
options with a fixed and a movable stator are used.

In production mechanisms, the following options
are used for the design of the stator magnetic circuit:
longitudinal plates with grooves; continuous cross
washers; transverse sets of washers alternating with
stator winding coils, in which longitudinal sets of plates
are installed.

The three-phase winding of the motor stator is
made in the form of coils placed in the stator magnetic
circuit and installed in a tubular housing.

The decomposition of the structure. The main
structural elements of the engine include the following:
a stator, a runner, a runner centering system and an
engine cooling system. In practice, engine design
options with a fixed and a movable stator are used.

In production mechanisms, the following options
are used for the design of the stator magnetic circuit:
longitudinal plates with grooves; continuous cross
washers; transverse sets of washers alternating with
stator winding coils, in which longitudinal sets of plates
are installed.
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The three-phase winding of the motor stator is
made in the form of coils placed in the stator magnetic
circuit and installed in a tubular housing.
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l. INTRODUCTION

Use of linear electric motors in drives of manipulators
and industrial robots, due to lack of mechanical converters
of rotational motion to translational, provides a number of
advantages, main of which are economy and weight and
size.

Cylindrical linear induction motors (LIM) are
characterized by simplicity of construction, high
workability and maximum unification of units and parts.
Such motors have a closed version, in which stator winding
is protected from direct environmental influences and can
be sealed. They are convenient for installation, dismantling
and repair.

Aim of this work is to analyze constructive features of
cylindrical LIM, their influence on functionality of engine
and its scope.

II. CONSTRUCTIVE FEATURES OF LIM OF CYLINDRICAL
PERFORMANCE

First cylindrical LIM was developed by L. I. Shturman
[1] in 1946 and was called a three-phase cylindrical
magnetofugal engine. Embodiment of this engine is shown
on fig. 1. Stator of motor 1 is assembled from packages of
electrical steel with annular recess (grooves) and placed in
cylindrical housing 2. Winding is made in form of set of
coils 3 placed in grooves of stator. Runner 4 - cylindrical
uniform.
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Fig. 1. L. I. Shturman design engine
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Disadvantages of such engine include incomplete use
of working volume of stator (presence of zones where
stator magnetic circuit is absent) and high electrical
resistance of runner (made of steel).
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I. S. Rogachev showed effectiveness of using copper-
plated runners (steel runner with a copper-plated surface)
for engines of this type later (1948) [2].

New version of embodiment and new name for engines
of this type (coaxial linear electric motor) were proposed
(1960) by G. S. Kvachev.

Coaxial linear motor of construction of G. S. Kvachev
is shown on fig. 2 [3, 4]. Stator housing 1 is made in form
of cylinder, inside of which there are coils of stator
winding 2. Between coils are placed steel washers 3, which
serve as magnetic circuit. In cLIMping nuts 4, bronze plain
bearings 5 are installed, which serve to center and set
direction of movement of runner. Runner is made in form
of steel rod 6, on surface of which a spiral 7 is wound from
copper or aluminum wire.
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Fig. 2. G. S. Kvachev design engine

Authors of work [5] improved construction of engine
(fig. 3) and gave it name “cylindrical LIM”. Inductor of
this engine consists of sequentially alternating flat coils 1
and packages of washers 2, assembled from electrical steel
and having grooves 3 for lay of magnetic circuit in outer
diameter. Washers 2 have a cut 4, which excludes closure
of eddy currents and is used for laying of outlets of flat
coils. Grooved steel is laid in grooves 3. Inductor is placed
in cylindrical housing 5.

Speed of running electromagnetic field Vo of LIM is
determined by expression

Vop=2-7-f 1)

where f — mains frequency,
T — pole division.
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Fia. 3. Cvlindrical LIM

Stator winding module of a low-speed cylindrical LIM
is shown on fig. 4 [6]. Runner speed in this engine is
significantly reduced by reducing pole division of stator
winding. Module is assembled from two series-connected
flat coils 1 and 2, wound in spiral on insulating washers 3
and 4.
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Fig. 4. Stator winding module of a low-speed cylindrical LIM

Ferromagnetic element 5 is placed between coils,
separated from coils by insulating layers 6 and 7. To limit
eddy currents, radial groove is made in ferromagnetic
element 8. Conductor 9 with insulation 10 is placed in
groove, which connects flat coils 1 and 2. To fix coils, flat
coils impregnated with adhesive. Modular coils (fig. 4) can
also be made by printed wiring.

Motors of described structures (fig. 2 and fig. 3) operate
in short-term mode, in drive of switching devices in
particular [3, 4]. Use of these engines to drive manipulators
and industrial robots operating in recursive short-time
modes has necessitated change in construction of runner's
centering system.

Runner centering system consists of bronze bushings 5
mounted on ends of stator 1 and acting as sliding bearings
when runner 6 is moving for engine (fig. 2). Runner 6 has a
copper coating 7, need for which is due to electrical
considerations. When engine is operating in recursive
short-time mode with large number of cycles per minute, as
result of intense friction in slip bearings, phenomenon of
wear of copper-coated surface of runner and surface of
bronze bushing is appeared.

Cylindrical LIM was described in [7], runner of which
is mounted on sliding bearings. It is coated with a layer of
high-strength chrome to reduce wear on copper-plated
surface of runner when the engine is in recursive short-time
mode.

Engine described in [8] is shown on fig. 5. Runner of
this motor moves in bearings 1. Stator is similar to motor
shown in fig. 1, consists of packages of comb plates 2, in
grooves of which cylindrical coils are placed 3. There is
fixed magnetic cylindrical core 4 inside runner through
which magnetic field lines of traveling field are closed.
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Fia. 5. Linear induction motor
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Work [9] describes cylindrical LIM with external
runner, device of which is shown in fig. 6. Solid stator 1
has grooves in which winding 2 is distributed. Engine has
external windingless runner consisting of cylinder 3 made
of magnetic material and aluminum cylinder 4 rigidly
fastened to it. Longitudinal groove 5 is made for intercoil
joints in stator.
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Fig. 6. Cylindrical LIM with external runner

Another solution to centering system for LIM operating
in recursive short-time mode is shown in fig. 7 [10]. In this
variant, brackets 1 are fixed to stator housing, on which
rolling bearings 4 are mounted using bolts 2 and eccentrics
3. Bearings are placed in collapsible clips 5, outer surface
of which is made along arc of runner’s circle. Use of
eccentrics 3 makes it possible to center runner relative to
axis of stator. There is no friction of copper-coated surface
of runner on surface of bronze sleeve in proposed
construction, which eliminates phenomenon of wear.

Work of LIM with intense loads requires solving
problem of increasing of intensity of engine cooling.
Construction of LIM with forced air cooling system [10] is
shown on fig. 8. Winding coils 2, magnetic circuit 3 and
runner 4 are placed in cylindrical housing 1 of motor stator.
Cylinder 5 forming separate chamber, inside of which
piston 6 mounted on runner moves is placed at one end of
motor stator. Cylinder 5 is closed by cover 7. Valve system
of engine includes a valve 8 passing air from inner air
channel of runner 9 to chamber 10, and valves 11 passing
air from chamber 10 to chamber 12, and then through gap 6
between runner and stator into engine. Thus air is supplied
that removes heat from inner surface of stator windings and
outer surface of runner when electric motor is operated.
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Fig. 8. LIM with forced air cooling system

A variant of forced liquid cooling system is also
possible (fig. 9), which is fed through fittings 1 into space
between stator housing 2 and casing 3 [10].

Fig. 9. LIM with water cooling system

I1l. FUNCTIONALITY ANALYSIS OF CONSTRUCTIVE
ELEMENTS OF LIM

Above review shows following options for embodiment
of main components of LIM of cylindrical execution.

Following options is applied during manufacture of
stator:

- from longitudinal packages of comb plates, in grooves
of which winding coils are laid;

- continuous transverse washers (clips) between which
winding coils are located;

- windings alternating with coils, transverse sets of
washers with grooves in which longitudinal sets of plates
are installed;
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- longitudinal packs of comb plates and fixed magnetic
cylindrical core inside tubular runner;

- modular execution.
It is applied during manufacture of runner:
- homogeneous steel bar;

- hollow or homogeneous steel bar coated with material
with higher electrical conductivity (two-layer runner);

- two-layer runner with coating (third layer) of high-
strength material to reduce wear of electrically conductive
layer.

Mounting and centering system of runner is carried out
using sliding bearings (guide bushings) or using rolling
bearings.

Bushing of stator of magnetic circuit (motors in fig. 1
and fig. 3) allows to increase magnetic conductivity for
main magnetic flux and reduce eddy current losses.
However, symmetry of electromagnetic field in engine is
broken with such constructive solutions, engine volume is
not fully used, since there are air gaps between longitudinal
packets. Part of magnetic flux passes through runner,
magnetic circuit of which is not laden. As a result, energy
performance of engine is getting worse.

In mass production of LIM for manipulators and
industrial robots, from point of view of simplicity of
construction and manufacturability, preference should be
given to construction engine of G. S. Kvachev (fig. 2).
These engines are characterized by axial symmetry of
electromagnetic field, which reduces influence of pulsating
components. Engines are produced by several factories and
are used to drive bushar disconnectors in traction
substations of urban electric vehicles. Increased eddy
current losses in a solid stator and runner magnetic circuit
do not significantly affect operation of motor, since it
operates in short-term mode with a turn-on time of tenths
of second.

However, runner centering system with bronze
bushings is effective only in the short-term mode. Pair of
copper-bronze  has  poor antifriction  properties.
Phenomenon of wear of copper-coated surface of runner
and surface of bronze sleeve appears when engine is
operating in recursive short-time mode with cycle time of
several seconds. Axis of runner and stator are displaced,
what violates axial symmetry of electromagnetic field and
leads to appearance of additional radial forces that degrade
energy performance of engine. In addition, radial forces
contribute to wear at point of contact between runner and
sleeve. Wear progresses and engine fails.

One of ways to eliminate wear is to chrome runner’s
copper-coated surface, i.e. application of three-layer
runner: steel, copper and protective film of chromium.
However, in this case, problem is partially solved, since
wear of surface of sleeve remains.
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Using of runner centering system shown in fig. 9,
provides reliable operation of engine in recursive short-
time mode with cycle time of several seconds. Its use is
justified in drives of manipulators and industrial robots. At
the same time, one of described cooling systems can be
used depending on intensity of engine load.

IV. CONCLUSIONS

1. Cylindrical LIM used in drive of manipulators and
industrial robots are considered.

2. Options of embodiment of main engine elements are
considered: stator, runner, runner centering system, engine
cooling system.

3. Analysis of influence of embodiment of main
elements of engine on its functionality in short-term and
recursive short-time modes is carried out.
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KOHCTpYKTI/IBHl 0COOJIMBOCTI MWIHAPHUYIHUX JITHIMHHUX
ACMHXPOHHHUX IBHUI'YHIB
B. M. OxpimeHKO M. B. 36iTHeBa 10. I1. KononTtaeBchbkuit
XapKiBCHKUI HaIllOHATEHUH XapkiBchKa TyMaHITapHO- XapKiBChKHUIT HAITIOHANBHUI
YHIBEpCHTET MiCEKOTO TeIarorigHa akajgeMist YVHIBEpCHUTET MiCEKOTO
rocrogapcTBa iM. O.M.BekeroBa VYkpaina rocnogapcrsa iMm. O.M.bekeroBa
VYkpaina VYkpaina

JIiHiliHl AaCMHXPOHHI JABUTYHM LWJIIHAPHUYHOTO BUKOHAHHS 3aCTOCOBYIOTH B €JEKTPOIPUBOIAI MAHIMYJIATOPIB 1 NMPOMHCIOBHX
po6oTiB B CHily iXHIX MepeBar, OCHOBUHHMH 3 SKHX € MPOCTOTa KOHCTPYKIii, BUCOKA TEXHOJIOTIYHICTh BUTOTOBJICHHS, yHi(ikarris
BY3JIiB 1 feraneil. Bonu 3abe3nedyroTs Oe3mocepeqHe JiHiMHE MepeMillleHHs] BUKOHABYOTO OpraHy MaHIMylIsTopa 0e3 3aCTOCYBaHHS
MIepEeTBOPIOBAYIB KPYTOBOTO PyXY B IpsSMONIHIHHHUHA. Lli IBUTYHH MaloTh 3aKpHTe BUKOHAHHS, P IKOMY 0OMOTKa CTaTOpa 3aXHUIIeHa
BiJl IPSIMOTO BIUTMBY HAaBKOJMIIHBOTO CEPEOBHINA i MOXKe OyTH BUKOHAHA TepMETHYHOIO. BOHM 3pydHI IpH MOHTaXi, JEMOHTaXI Ta
PEMOHTI.

VY cTarTi pO3rISIHYTI KOHCTPYKTHBHI OCOOJMBOCTI JIHIHHMX AaCHHXPOHHUX IBUTYHIB IIIIHAPHYHOTO BHKOHAHHS. BinsHaueHo
KOHCTPYKTHUBHE Pi3HOMAHITTS JBUTYHIB, sSIK€ 3yMOBJICHE KOHKPETHUM MEXaHi3MOM 3 JIIHIHHAM HepeMillleHHsIM BUKOHABYOTO OpTraHy.

Ormsin JliTepaTypHUX JUKEpeT TMOKas3aB, IO BIACYTHIM €IMHHWIA MiAXil 1O Ha3BH JBUTYHIB IIOTO THUIYy. Y PI3HHX JDKepenax
BHUKOPUCTOBYIOTh TaKi Ha3BW: TpH(a3HUH IMIIHAPHIHUHA MAarHITOQYTaJbHUH ABUTYH, KOAKCIiaJIbHO-TIHIHHMI ABUTYH, LTIHIPHYHAI

JiHIHUA aCHHXPOHHUI IBUTYH, TPpyOUacTH JIIHIHHUI aCHHXPOHHHUH JIBUT'YH.

Jlo OCHOBHHMX KOHCTPYKTHBHHX €JICMEHTIB BiJJHECEHI Taki: CTaTop, OIryH, CHCTeMa IIEHTPYBaHHs OiryHa i cHCTeMa OXOJIO/KCHHS
JBHUTYHA. [CHYIOTh KOHCTPYKLIT IBUTYHA 3 HEPYXOMUM i 3 PyXOMHM CTaTOPOM.

Ha mnpakTumi BUKOPHUCTOBYIOTBCS HACTYIHI BapiaHTH KOHCTPYKTHBHOTO BHKOHAHHS MAarHITOIIPOBOIY CTaTopa: IO3MOBXKHI
IUIACTHHY 3 Ta3aMM; CYLUIBHI MONepeyHi maiou; monepeyni Habopy a6 1o YepryroThCs 3 KOTYIIKaMH OOMOTKH CTaTopa, B SKUX
BCTAHOBJICHI IT03/I0BXKHI HAOOPH ITACTHH.

OOMOTKa cTaTopa BUKOHYETHCS Y BUIIISAI KOTYIIOK, PO3MIIIEHNX B MarHiTOIPOBOII CTaTopa.

BuxopucToByIOoThCS Taki KOHCTPYKIil OiryHa ABHTYHA: KpyIJia OJHOpiIHA CTajeBa IITaHTra; Kpyria MOpPOXKHS abo OmHOpimHa
CTaJieBa IITAHTa 3 TIOKPUTTSM 3 MaTepiajy 3 BUCOKOIO €IEKTPOMPOBITHICTIO (JBOIMIAPOBHUI OIryH); ABOIIAPOBHI OI'YH 3 TOKPUTTSIM 3

BHUCOKOMIITHOTO MaTepiaiy.

JIBUTYHU, 110 TPAIOIOTh Y TMOBTOPHO-KOPOTKOYACHOMY PEXHMi, MAlOTh CHCTEMY LIEHTpYBaHHs OiryHa, sika 3a0esrneuye poOoTy
IBUTYHA 0€3 3HOCY TIOKPUTOI MiIIf0 MoBepxHi OiryHa. Ha HUX Tak0ok 3aCTOCOBYETHCS CHCTEMA IIPHIMYCOBOTO OXOJIOKEHHS.

Kniouoei cnosa - bieyH, niniliHuil ACUHXPOHHULL O8USYH, CUCHEMA OXOT0O0HCEHHS, CUCTNeMA YEeHMPYBAHHs OicyHa, CIamop.
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