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Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
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most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacbl ¥nmmebiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MeXxHUKarbIK FbifibiIMOap Cepusicbl” fbinbIMU XypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachbl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapnaldbl. byn uHdekcmeny
b6apbicbiHOa Clarivate Analytics kommnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke Kabbinday moceneciH
Kapacmebipyda. Webof Science sepmmeywinep, asmopnap, bacnawhbinap MEH MeKeMesiep2e KOHmMeHm
mepeHOiei meH canacblH ycbiHaObl. KP YFA Xabapnapbi. [eonoeusi xoHe mexHUKasblK fblibiMOap
cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramOacmabiK yWiH eH e3ekmi xoHe 6edesndi
2eo0rs102usl XoHe mexHuKarnbIK fblribiMdap 6olbiHWa KOHMeHmke adandblfbiMbi30b! 6ir1dipedi.

HAH PK coobwaem, ymo Hay4HbIl xypHan «3gecmusi HAH PK. Cepusi 2eonoauu u mexHU4eCKUxX
Hayk» bbln npuHsam 0Onsa uHdekcuposaHusi 8 Emerging Sources Citation Index, obHoeneHHoul sepcuu Web
of Science. CodepxaHue 8 amomMm uHOeKkcuposaHuU Haxodumcsi 8 cmaduu paccMompeHuUsi KomnaHueul
Clarivate Analytics Ons OanbHeliweao npuHsamus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadecmeo u enybuHy KoHmeHma Ons uccriedosameriel, asmopos, u3damernel U y4dpexoeHud.
BknoyeHue Useecmusi HAH PK. Cepusi eeonoeuu u mexHudeckux Hayk e Emerging Sources Citation
Index demMoHCmMpupyem Halwy NpueepXeHHOCMb K Haubonee akmyasbHOMY U 8/1USIMESIbHOMY KOHMEHMY
10 2e0/102UU U MEXHUYECKUM Haykam Orisi Hawezao coobujecmea.
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APPLICATION OF LINEAR ASYNCHRONOUS MOTORS
FOR HIGH-SPEED GROUND TRANSPORT

Abstract. Magnetic suspension in high-speed ground transport systems is an alternative to the rail wheel. The
successful solution to the development of high-speed ground transport is largely determined by the creation of
operationally efficient linear motors, the main task of which is to convert electrical energy into mechanical energy
and create tractive force to ensure the movement of the crew according to a given program in the range of operating
speeds.

The article investigates linear asynchronous motors with longitudinal closure of magnetic flux of single-ended
design. As a result of investigation of physical processes in linear motors caused by edge problems it was found that
the cause of the transverse edge effect is the finite width dimensions of the reactive bus, the change of which causes
closure of eddy currents within the active area of inductor, leads to weakening of magnetic field in the central zone
and to reduction of tractive force.

The discrepancy between the calculated and experimental indicators of physical processes in linear asynchro-
nous motors due to significant idealization of mathematical models led to the development of a three-dimensional
theory, brought to the calculation programs. The developed calculation program of electromechanical characteristics
of linear induction motors with inductor and reactive bus layout, as well as their geometrical and physical parameters
allows to determine the necessary integral motor characteristics in the form of a levitation function.

Key words: high-speed ground transport, linear induction motor, reactive bus, edge effects, inductor, traction
drive.

The most investigated are linear asynchronous motors with unilateral action and double-sided
stators - linear asynchronous motors with longitudinal closure of magnetic flux in unilateral and double-
sided version. The methods of calculation of electromechanical characteristics in traction and braking
modes, ventilation and thermal calculations were developed with respect to them. Experiments were
conducted on models of linear induction motors at power supply of thyristor frequency converters.

Conducted researches [1-3] showed that for the nearest perspective the most rational for high-speed
ground transport is application of one-way linear induction motor, located on the crew. Developments of
linear motor with superconducting excitation winding and active track structure are also known. The one-
way induction motor has a number of positive features:

- flat track structure, convenient for cleaning from ice and snow;

- possibility of relatively simple and reliable mounting of the superconducting excitation winding on
the crew;

- small sensitivity to crew vibrations due to a large air gap.

Powerful electromagnetic field created by a superconducting electromagnet gives linear motors the
following advantages: absence of iron components in the anchor winding; possibility of operation with air
gap an order of magnitude greater than similar arrangements; operation of superconducting electromagnet
in "frozen flow" mode allows to solve current collector problem; high value of energy factor 0,5-0,8. The
disadvantages of linear motors include: the need to cool the superconducting electromagnet to the
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temperature of liquid helium and related equipment; the complexity of the control system; the problem of
transition by the crew of the joints of the powered sections and shielding of the passenger compartment.
For the theoretical analysis of linear motors with a superconducting excitation winding, preference is
given to the energy approach, which allows for high calculation accuracy, maximum approximation to the
real design of linear motors, analysis of their operation in steady-state and transient modes.

Principle construction of linear motors with superconducting excitation winding consists of three-
phase anchor winding located on track structure, sectioned and powered by static frequency converter,
which allows to regulate voltage U and frequency f. Superconducting electromagnets of the excitation
system are located on the crew.

Structurally, linear induction motors consist of the following units: inductor core and winding,
housing, auxiliary devices and the secondary part. The inductor core is assembled from varnish-insulated
electrotechnical steel plates of thickness 0,3-0,5 mm with chiseled grooves, as a rule, of rectangular shape
[4]. The teeth in the upper part have a notch for mounting wedges, fixing the winding. Assembly of the
inductor package is performed with insulated studs, passing through the grooves of the same shape on the
outer surface of the package.

The study of electromagnetic forces and technical and energy performance on the basis of energy
approach shows that the energy of two interconnected circuits of superconducting, located on the crew,
and traction - on the track, assuming that currents in the first /., in the second /, are constant in time and
determined by the ratio:

1
Wy = > [LC(IC)Z +2M;l 1, + LT(Ia)Z]' (1)

where L. and L, are the inductances, respectively, of the superconducting and traction circuits; M; is the
mutual induction coefficient between the superconducting conductor and the i-th circuit of the complete
anchor winding.

The total force acting on the superconducting field winding is given as:

Fx,y,z(x) = Z?n:l kol imgradM; (x), (2

where k. — number of superconducting electromagnets; i,, — the current in m-th phase of the armature
winding.

With the sinusoidal form of current in the armature winding of the linear motor forces are determined
by the higher harmonics of the derivatives from M;, which can be minimized by the methods known from
the theory of rotating machines. According to expression (2) the derivatives from M;(x) were determined
and after some transformations for the first harmonics the total force is represented in projections as

3 OMcr .

E, = \/—ENkCICIT o sin@,
3 M

E, =ENkCICIT P cos6, ¢, 3)
3 M,

E, = \/—ENkCICIT 3y cosf,

where N is the number of crews; I is the effective value of the anchor winding current; 8, is the angle
between the axes of the magnetic flux of the superconducting circuit and the resulting flux of the anchor
winding.

The primary boundary effect is characterized by the appearance in the active zone, in addition to the
main running wave of induction, of its components that are stationary in space and pulsating in time. The
secondary longitudinal marginal effect is caused by successive entry and then exit of the reactive bus
elements, respectively, into and out of the zone of the running magnetic field of the inductor, which leads
to deformation of the machine magnetic field, its removal beyond the running edge of the inductor,
occurrence of forces in the synchronous speed mode, and additional power losses in the reactive bus [5].
The transverse edge effect is caused by the finite width dimensions of the reactive busbar, due to which
the eddy currents are short-circuited within the active zone of the inductor, resulting in a weakening of the
magnetic field in the central zone and a decrease in the tractive force at low slip.
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The existing methods for calculating rotating induction motors do not take into account the edge
effect and are not suitable for the calculation of high-speed linear induction motors. In this connection it is
offered to use special methods, based on analytical or numerical solution of Maxwell equations system for
different zones of the machine and allowing to make calculation of integral electromechanical charac-
teristics of linear induction motors with sufficient for practice degree of accuracy [6]. The complexity of
real physical processes in high-speed linear induction motors initially predetermined a significant
idealization of calculated mathematical models, but because of the discrepancy between the calculated and
experimental indicators, we then had to move to more complex models. At the first stage of research, one-
dimensional theories of linear induction motors were used, which were developed over time to three-
dimensional ones [3]. In this publication three-dimensional theory was developed and brought to com-
putational computer programs for linear induction motors of various designs with an arbitrary number of
poles, with or without additional three-phase compensation winding, with two- or one-sided inductor and
return magnetic core made of roasted or solid steel, as well as with layered reactive bus bar.

In formulating the problem and constructing the calculation model (figure 1), the following assump-
tions have been made:

(a) The area of existence of the magnetic field is bounded by two infinite perfectly stratified
ferromagnetic surfaces, with magnetic constant u, = oo and conductive material density y, = 0;

b) the inductor windings are fed by three-phase symmetrical current systems and produce sinusoidal
running waves - m.e.f. in the form Fy,f(y)exp j(wt — g X);

¢) the change of m.p.s. in transverse direction with period 2L is given by function f{y) in the core: at
lyl <a-f(y) =1,0;at|y| >a-f(y) = 0,83exp((c-y)/A); and a = ¢ + (26 + d)In0.83;

d) the components 1i,, I»,, I3, of current densities and Ai,, Az, A3, of vector magnetic potential in the
primary and reactive bus bars are negligibly small;

e) the model is periodized in the longitudinal direction with period | = Lg + L;.

: 2c
,‘.L
P 1
i - y
< S
1
| L =
’?.D,a-fg I~ z L.?!Jl' z = IU(':CO,' y'::O
4
r X X t'a! ! Ojd_‘
227, i 0.5d:

oy Vs =00 =0

Figure 1 — Model of a linear induction motor

In order to obtain the calculated relations of a linear induction motor for a given type of M.P.H., the
system for the vector magnetic potential is solved by the Fourier method:
VZAs = 0; diVAs =0, )
T 0423) 5.
VZAy3) = Ya@)Ha(3) Ty diVAy3y =0, (%)
and by the known Ay(s23) and Ay (s23) the corresponding components of induction By, ,ymagnetic
H(x,y,z) and electric E(y , ) field strengths, and reactive bus current densities [y, are determined. The
total electromagnetic power Sy, found through the Poynting vector, as well as the thrust and normal
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forces (F,
are defined by the following expressions:

E,) of the linear induction motor, for the finding of which the Maxwell stress tensor was used,

w1 oy vy 2 ChAS+cq12ShAS
SZ—)M =] 162, Zn Zv ZHAGnv|kv0| ChAS +C12A8 ) (6)
_ l LCzo M VM 2vl§nv|kv0| Im(cq3)
F = Z X" 7 IShAS+cpchA8|2 ' Q)
E = LBcS, ZnMZVMZZ/lzG |k |2. 8
y 3271—2 0 T nv Vo ) ( )
where
1 1 . /mnay nnd nmna mnd\? . mn 2c—L
Zn=51 = Sm( I )+ I cos( I )+0'83<T) Sm(7)exp 22|
+(*1)
1 1 ~mna nnA'  mna A\  nn 2c—1L
W, :; — sin I I cos I + 0,83 I smTexp A ;
1+ (TR )
. mn . a%
16+/212%Ak 2 2mv\ 2 sm( +1) sm( +1) . .
Co0 = Ho— iz 3 A = \/ (T) (T) $ oy = n'n/(;Z+1) ' nn/(zﬂl\/;+1) - Lantzsch sigma-multi-

pliers; A - linear current load; ¢;, and k,,, respectively, integration constant and winding factor [7].

The program for calculating the electromechanical characteristics of linear induction motors assumes
the known layout of inductor and reactive bus, their basic geometrical and physical parameters, winding
data and allows to determine the necessary integral motor characteristics as a slip function: total
electromagnetic power S_EM and its components P, @5y, traction and normal forces ., F,, cos@q,
voltage U, at I; = const, as well as distribution of the normal component of induction along the inductor
length.

The electromechanical characteristics of the one-way motor, calculated according to the three-
dimensional theory with a reversed magnet wire, are shown in figure 2.

U,B E, xH
2400 \ 24
/1 F; ,KH
cosp, 1
T 2000 20 T

N

2
4~ /,-\ <\

0,8 T 1600— A 16

0,6 T 12001

Figure 2 —
Electromechanical characteristics
of the calculated linear asynchronous motor
as a function of slip S:
1 — phase voltage U,,; 2 — efficiency n;

/]

0,4 1 800 [— 7N 8 T 2 3 — power factor cos¢; 4 — thrust force Fy;
5 —normal force F
0,2 7 400 V4 4 T 10
S
\ 5
+ -10
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To reduce the heating of linear induction motor elements and to improve its mass-size and energy
performance, intensive forced cooling is used. With liquid cooling the current density in the inductor
winding should be increased to 15-25A/mm?. In this case, the liquid supplied by the pump circulates
through hollow conductors, takes the heat and transfers it to the cooler. Despite the need for additional
equipment, design and technological complexity, it provides a gain in size and mass of the linear motor
about 20% in comparison with air cooling with a decrease in the motor efficiency by about 8-10% [8].

The secondary part of a linear induction motor is a T-shaped reactive bus made of aluminum alloys.
To increase F,, alloys with small electrical conductivity are used or made in the form of a hollow section.
The reactive bus consists of a non-magnetic pad, made of aluminum alloys and a ferromagnetic solid
magnetic core.

According to experimental and calculated data, in order to obtain high traction and energy indices, it
is advisable to make the reverse magnetic core fully charged [9].

Conclusions. Structural solution on installation of additional equipment, change of design and
material of reactive bus for creation of continuous magnetic wire in motor secondary winding allows to
increase levitation indices of linear induction motor, which is confirmed by preliminary calculations.

According to data of Japan, the USA, Germany, China and Russia the main indices of linear
induction motors are on the average level: specific thrust F, < 12 kN/m% cosg; < 0,6,1 < 0,87; ratio of
mass of linear motor movable elements to effective power M /P, > 1,0 kg/kW.

As a development of perspective direction and radical improvement of linear motors performance it is
reasonable to apply a phase design of the secondary element with inclusion of capacitors in the secondary
winding. The proposed design in combination with intensification of inductor cooling opens up
possibilities of improvement of specific traction force F, up to 40-60 kN/m?* and can be put in a basis of
the priority decision of a problem of creation of the traction drive of the crew for a high-speed land
transport.

C.T. Axatos!, B.I'. Cosonenko!, H. M. MaxmeTtoBal,
C. A. Kocenko?, H. B. UBanosuenal, A. A. Maauk!

' M. Trinbnu6aes at. Kazak Kejik joHe KOMMyHUKAIUsIIap akagemuschl, Anvarsl, Kazakcran,
2 Cibip MeMJIEKETTIK KaThIHAC XOJaphl yHusepcuteTi, HoBocubupck, Peceii Menepanuscel.

KOFAPBI KbIJIJAMABIKTHI ’)KEP YCTI KOJIII'T YIIIH
KEJIJIIK ACUHXPOH/bI KO3FAJITKBILITAP/IbI KOJIJAHY

Annoranus. JKoFapbl KbUIIaMABIKTHL JKEpIEri KOJiK jKyHelnepiHAeri MarHUTTIK CYCIIEH3US PENbCTi KOJIK
JTOHFaJIaFbIHa 0anmama OoJbIn TaObuTanpl. JKoFaphl KBUIIAMABIKTHI JKEP YCTi KOIITiH JaMBITYABIH COTTi HICHIiMi Ko-
OiHece THIM/I JKYMBIC ICTEHTIH JKeITIK KO3FAITKBIITapAbl KYPYMEH aHBIKTAJAlbl, OJIAPIBIH HET13Ti MiHICTI SJEKTP
SHEPrHUsIChIH MEXAHUKANIBIK DHEPrHsfa alHaIbIPy XOHE SKHUMAXIbIH OepinreH OarmapiaMa OOMBIHIIA KYMBIC
JKBUTIAM/IBIFBIHBIH THANIA30HbIH/Ia KO3FAJIBICEIH KAMTAMAaChI3 eTeTiH TapTy KyIiH Kypy O0JbIn TaObLIa bl

Makanajga Oip jKaKThl MarHUT AFbIHBIHBIH OOMIIBIK TYWBIKTAITYbI 0ap CHI3BIKTHI ACHHXPOH/IBI KO3FAITKBILITAD
seprreneni. lllexapambik MiHZeTTepre OalIaHBICTBI CHI3BIKTHIK KO3FANTKBIITAPIAFEl (DU3UKAIBIK MpOIeCTepIi
3epTTey HOTIDKECIHIE KOIICHEH KUeK dcepiHiH ce0edi eHi OOMBIHIIA PeaKTUBTI IWHAHBIH COHFHI eIIIeMaepi OOIBIT
TaOBLTAJIBI, OJIAPABIH ©3Trepyi HHIYKTOPIBIH OeJICeH Il allMaFbIHIa KYWBIHIBI TOKTAPIBIH KaOBITYbIHA OKEIIIl COFaIBL,
OpTAJIBIK alMaKTaFbl MATHUT OPICIHIH dJICipeyiHe jKOHE TapTHUIBIC KYLIiHIH TOMEHICYiHE OKEIe]i.

MareMaTHKaIbIK MOJCIBbACPAIH €Adyip HIcaNn3alUsIChiHA OalIaHBICThl ChI3BIKTHIK ACHHXPOHIBI KO3FalT-
KBIITapaarsl (PU3UKAIBIK MPOIECTEPIiH €CeNTiK JKOHE SKCIEPUMEHTTIK KOPCETKIIITEPiHIH COMKecCi3miri ecenrey
OarmapraManapbiHa KeNTIpUITeH YII eNIeMi TeOPUSHBIH JaMyblHa oKenai. HIyKTOp MEH peakTUBTI aBTOOYCTHIH
OpHAJIACybl 0ap ChI3BIKTHIK ACHHXPOH/IbI KO3FAITKBIIITAPIBIH IIEKTPOMEXaHUKAIIBIK, CUITATTaMalapbIHbIH, COHIai-aK
ONapIBIH TEOMETPHUSUIIBIK JKOHE (PM3HMKANBIK MapaMeTpliepiHiH jkoOanaHFaH OarmapiiaMachl JCBUTAIMS (DYHKIHSICH
TYPIHAE KO3FANTKBIIITHH KaXXETTI HHTETPAJIIbl CHIIATTaAMAIAPBIH aHBIKTayFa MYMKIHIIK Oeperi.

Tyiiin ce3mep: >KOFapbl JKBUIIAMABIKTHL KEP YCTI KOJiri, CBHI3BIKTHI aCHHXPOHIBI KO3FAITKBIII, PEaKTHBTI
aBTOO0YyC, meKTi 3 dexTinep, HHAYKTOP, TAPTKHIII.
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NPUMEHEHME JIAHEMHBIX ACHHXPOHHBIX IBUT ATEJEMN
JJIS1I BBICOKOCKOPOCTHOI'O HABEMHOI'O TPAHCIIOPTA

AHHOTanMs. MarHuTHOE MOJABENIMBAaHUE B CHCTEMaX BBICOKOCKOPOCTHOTO HA36MHOTO TPAHCIOPTa SIBISIETCS albTepHa-
THBOH KoOJeca PeIbCOBOTO TPAHCIOPTA. YCHEIIHOE PEIICHHE Pa3BUTHSI BBICOKOCKOPOCTHOTO HA3€MHOTO TPAHCIOPTA B 3HAUH-
TENbHOU Mepe ompenensieTcs co3gaHueM 3()(EeKTHBHBIX B IKCIUTyaTallMH JIMHEHHBIX IBUTATeNe, OCHOBHOM 3a/adyell KOTOPBIX
SIBIIETCSL MpeoOpa3oBaHMUEe AIIEKTPUYECKOH JSHEPrHHM B MEXaHUYECKYIO M CO3JaHHE CIJIBI TSATH, oOeclednBaIomel IBIKEHHE
SKUIaXa 0 33JaHHOI ITporpaMMe B AUANa30HE HKCILTyaTALlUOHHBIX CKOPOCTEH.

B cratbe uccnenyroTcs nuHEHHbIE aCUHXPOHHBIE JBUTATENIHM C IPOJOJIBHBIM 3aMbIKAHHEM MAarHUTHOIO IOTOKa OJIHOCTO-
pPOHHEro HcIHOJNHEeHHs. B pesynbrare uMccienoBaHusi GU3MYECKUX MPOLECCOB B JIMHEIHBIX JBUraTelisix, OOYCIOBICHHBIX Kpae-
BBIMH 331a4aMH, YCTAHOBJICHO, YTO IIPUYMHOI NONEPEYHOTo KpaeBoro dddexra ABIsETCS KOHSUHBIE Pa3MepPbl PEAKTUBHOI [IUHBI
MO0 IIMPHHE, U3MEHEHHE KOTOPBIX BBI3BIBAET 3aMBIKAHUE BUXPEBBIX TOKOB B IpeJenax aKTHBHOHM 30HBI MHAYKTOPA, MPUBOIUT K
0C1abIeHII0 MAarHUTHOTO MOJIS B EHTPAIBHON 30HE 1 YMECHBIICHHUIO TATOBOTO YCUIIHSL.

HecooTBeTcTBHE pacuéTHBIX M SKCIEPUMEHTANBHBIX IMOKa3aTeled (U3MUECKHX INPOIECCOB B JIMHEHHBIX ACHHXPOHHBIX
JBUTATEISIX M3-3a 3HAYNTEIHLHON HIeaIM3allii MaTeMaTHYeCKHX MOJENICH NpHBENo K pa3paboTKe TPEXMEpHOH TEOpHH, IOBe-
JIEHHOI 10 pacdyéTHHIX mporpamM. PaszpaGoranHas pacdeTHass IporpaMma 3JIEKTPOMEXaHHYECKHX XapaKTepPUCTUK JIHHEHHBIX
ACHHXPOHHBIX JBHTaTelell ¢ KOMIIOHOBKOH MHIYKTOpAa M PEaKTHBHOHW IIMHBI, a TaKKe MX T'€OMETPUYECKHX M (H3UYECKHX
HapaMeTpoB MO3BOJISET ONPEACIUTE HEOOXOAUMbIE HHTErpaJIbHbIE XapaKTePUCTUKH JBUTaTeNs B BUAE (QYHKIMH JICBUTALIUH.

KnroueBble c10Ba: BHICOKOCKOPOCTHOH HAa3eMHBIA TPAHCIOPT, JUHEHHBIH aCHHXPOHHBIN IBUraTelb, pEaKTUBHAS IIUHA,
KpaeBble 3G (EKThI, MHIYKTOP, TATOBBIIl IPUBOA.
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