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Introduction

Sophisticated mechatronic systems is considered the
fundamentals of modern technology and automated
processes of manufacturing. One of the most significant
elements of mechatronic system is the executive motor
which usually operates both under the mode of motor and
brake. To achieve linear and sliding motion in the
mechatronic  systems there are used linear, flat,
cylindrical, drum-wound type, segmental, disk, arc
induction and other types of special electrical motors, the
operation of which is based on the moving magnetic field
[1]. The main characteristic of these motors which
distinguishes them from the rotor type of ordinary design
motors is considered their open magnetic circuit. In the
theory of linear asynchronous motors the electromagnetic
phenomena related to the finite length of active zone and
magnetic core is called as longitudinal edge effect while
the phenomena related to the finite width is called as
transverse edge effect. Besides that both these effects in
between are closely connected when their mutual
interaction is considered a non — linear one. So there exist
longitudinal and transverse edge effects, disfiguring the
normal structure of the magnetic field and reducing the
operational efficiency of the motor.

To brake these motors in the mechatronic systems
there are applied the following methods [2]:

e dynamic;

e single — phase;

e regenerative (generator);

e capacitor;

e frequency (inverter);
braking by pulsating current;

e countercurrent braking.

At present in the scientific literature one can find the
research works [ 3, 4, 5], the issues of linear motor theory
as well as their braking modes being analysed by the
methods of electromagnetic field. One of the most
promising research methods is the method of spectral
magnetic field analysis. By applying it we are confronted
with the issues of calculation of spectral characteristics of
braking current, primary and secondary magnetic field,
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electromagnetic force and power that haven’t been
investigated widely enough yet.

The aim of the article is to compile the method for
calculation spectral characteristics of braking current of
the linear induction motor and to summarize the obtained
results.

Main assumptions

For the analysis of linear asynchronic motor braking
mode there was compiled a theoretical computational
model which is presented and widely described in the
works [6, 7]. According to this model all the methods of
electrical braking have been analysed when based on one
dimensional magnetic field analysis to derive the
assumptions presented here below:

e clectromagnetic braking processes are analysed in the
rectangular right sided Descartes system of
coordinates x, y, z in connection with a motionless
inductor;

e magnetic core of inductor do not have slots and are
described as ideal parameters: magnetic permeability is
1 =, electric conductance is ¥ =0;

e conductors of inductor windings with the braking
current is continuously distributed in the air gap
0, between the magnetic cores and in the active zone
which length L comprises the wave of volumetric
current density;

e non — ferromagnetic isotropic secondary element the
parameters of which are g,and y, # 0, fill in the air

gap 0, and moves towards the positive direction of the

axis ox with the speed of ;(t) having negative
acceleration;
e in the air gap J, there exist only parallel magnetic field

components distinguished by the characteristics of
plane field.

Taking into consideration these assumptions, the
vector of magnetic field strength in the analysed model has
got one component directed alongside the oz axis but the
vectors of electric field strength and secondary currents



have two components each directed alongside ox and oy
axes.

Major equations

At the moment of braking, through the windings of
inductor there flows the braking current, actuating the
active zone of finite length L. Volumetric density of the
braking current in the air gap of the motor is presented by
the spatial vector, which is described not in realistic but in
complex functions, namely phasors. In case of single —
phase braking the alternating current creates in the air gap
the pulsating wave of volumetric density of the braking
current, in case of capacitor braking there is formed an
attenuating wave. These are the so called non periodic
functions of time satisfying the terms of Dirichlet and
existing only at the moment of braking. The Laplace
integral transformation is applied for such functions. The
work [2] presents the expression received of the complex
amplitude of an elementary component of such a single —
phase braking current density:
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where J,, —isamplitude value of volumetric density of a
current; @, — angular frequency of power supply network;
@— angular frequency of elementary component;
i=~-1; 0= % — angular spatial frequency of inductor
winding; 7 — pole pitch of an inductor.

The expression of complex amplitude of elementary
component of capacitor braking current volumetric density
is the following:
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where J, ~— is amplitude value of capacitor braking

current volumetric density; @ ,and 6 — are the angular

frequency of braking current and the coefficient of its
attenuation .

Complex amplitude of dynamic braking direct current
volumetric density is expressed in the following way:

—ioyx L
jd (x) =J,.e", when |x| SE; 3)
where J, - isamplitude value of dynamic braking
current volumetric density.
Application of Fourier transformation

(1-3) are the expressions of the function of non-
periodic coordinate x existing within the boundaries of the

active zone and absolutely integrated in the finite interval
L. According to the direct both sided Fourier
transformation of such a function there may be expressed
by the continuous spectrum of the elementary components
of the space:

+00
Lia)= [ j(x)e™ dx; (4)
where o = % — is a variable frequency of the space

from the infinite sector (-0 —+ o ); 7, — is the length of

semi — wave of an elementary component.

Integral (4) is solved together with (1) — (3)
expressions. Then in case of dynamic braking there was
received such a spectrum characteristic of current
volumetric density:
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Further are presented the expressions of spectrum of
amplitudes of dynamic braking current density in the form
of the relative units, when in the inductor there is a
different number of excited zones:

a) when the number of excited zones is even

+a,
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b) when the number of zones is uneven
1, <p(-1) cos[a/al(2p+l)7r/2}|
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¢) when the number of excited zones is fractional
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where p — is the whole number of the pairs poles of
inductor; a/ o, — is the relative space frequency of
elementary components; » — is a fractional part indicating
the shortened pole pitchz .

When /@, — -1, there are obtained expressions

(6) — (8) which have become undetermined. However,
these uncertainties are easily eliminated after having
applied the rule of G. H. de L’Hopital:
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Fig. 1. Relative continuous spatial spectra of dynamic braking current density when p =1and p =2 and the number of excited zones is:

a) —even; b)—uneven; ¢) and d) — fractional
Results of calculations

In accordance with the obtained expressions (6-9) the
software Mathcad 2001 Profesional has been applied to
calculate relative spectra of amplitudes of dynamic braking
current volumetric density. The results for calculations are
presented in Fig. 1 a, b, c and d.

The results of the calculations indicate that the spectra
of amplitudes are continuous and similar in their shape.
The maximum density of amplitudes of braking current is
formed in the point where a/a, — —1. By increasing the
number of inductor pairs poles p the density of the
amplitudes increases as well, but the width of spectra
reduces. The greatest amplitudes of current density are
received when the number of the excited zones is uneven,
i.e. when L =(2p+1)r. The greatest influence on to the
continuous spectrum has the components of the main
frequency (a = ;).

Conclusions

The analysis of the literature indicates that at present
the braking modes of the linear induction motors haven’t
been extensively analyzed yet although such motors are
successfully applied in various mechatronic systems and in
separate installations of the manufacturing processes. In
the scientific literature there are no data received on the
research of braking mode under the conditions when in the
inductor there are induced the fractional number of excited
zones. Such a number of zones may be applied to increase
the efficiency of the braking.

The received results indicate that the spectra of
amplitudes of dynamic braking current volumetric density
due to the finite length L of the magnetic core and the
active zone of the motor are continuous. However, in
marginal case when L — o, the spectra of amplitudes
become discrete in which there are formed the harmonic
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components of discrete frequencies @/, . In this case for ~ 4. Nonaka S. Analysis of Single — Sided Linear Induction

th lvsis of braki " table Motor by simplified Fourier Transform Method // Proc. of
¢ analysis ol braxing processes it 1S more surtable to Int. Conf. on Electrical Machines. — Helsinki, Finland. —

have not the Fourier integral method, but the method of 2000. — Vol. 1. — P. 247 — 251.

Fourier complex series. 5. Morizane T., Kimura V., Taniguchi K. Simultaneous
Control of Propulsion and Levitation of Linear Induction
Motor in a Novel Maglev System // Proc. of 9 — th Int.
Conf. on Power Electronics and Motion Control. — Kosice,
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B. Karaliiinas, E. Matkevicius. Investigation of the Linear Induction Motor Braking Modes by Spectral Method // Electronics
and Electrical Engineering. — Kaunas: Technologija, 2007. — No. 3(75). — P. 37-40.

The article investigates the issues of electrical braking for induction motors the operation of which is based on the sliding magnetic
field. It has been revealed that one of the most progressive analytical research methods of such type modes is considered the method of
spectral magnetic fields analysis. To compile mathematical model there have been derived the main assumptions according to which all
the measures of electric braking have to be investigated by means of the analysis of one dimensional magnetic field. The braking
processes have been analysed in the motionless right — sided Descartes system of coordinates x, y, z. There have been presented the
expressions of volumetric density of braking current which have been regarded the non — periodic functions of coordinate x. Besides
that in cases of single — phase and capacitor braking these expressions are also regarded as the non — periodic functions of time.
Therefore when compiling the mathematical model there have been applied Laplace and Fourier integral transformations. After having
applied Fourier transformation there have been received the expressions of the spectra amplitudes of braking current volumetric
density, under the condition that the number of excited zones in the inductor is even, uneven and fractional. The continuous spectra of
amplitudes have been calculated by the software Mathcad 2001 Profesional. The results of the calculations indicate that the maximum
amplitude density of dynamic braking current is obtained if the number of excited zones is uneven . 1.1, bibl. 7 (in English; summaries
in English, Russian and Lithuanian).

Bb. Kapamwnac, 9. MatkeBnutoc. McciieqoBaHiue TOPMO3HBIX Pe:KHMOB JTHHEIHOI0 ACHHXPOHHOIO ABHMIaTe/isl CeKTPAJIbHBIM
MeTo0M // DIeKTpoHUuKA U J1ekTpoTexHUuKa. — Kaynac: Texnosorus, 2007. — Ne 3(75). — C. 37-40.

PaccMaTpuBaroTcst BOIPOCH! JIEKTPUYECKOr0 TOPMOKCHUS HHIAYKIIMOHHBIX JBUTATEICH, IPUHIMI ACHCTBUS KOTOPBIX OCHOBAH Ha
OeryronieM MarHUTHOM rojie. [Toka3aHo, 4To OXHMM M3 Haubojee MepCIeKTUBHBIX METOJOB MCCIEIOBAHUS TAKUX PEKHMOB SIBIISICTCS
CIEKTpalIbHbIM METOJ| aHalu3a MarHUTHBIX nonel. Ilpu co3nanuun MaTeMaTHYeCKOM MOZAEIH NPUHATHI OCHOBHBIC JOIYIIEHHs, B UTOTe
KOTOPBIX BCE 3JIEKTPUUYECKHE CIOCOOBI TOPMOXKEHHUsS HCCIENYIOTCS Ha 0a3e OJHOMEPHOH TEeOpHM MarHuTHOro mois. IIpoueccs
TOPMO>XEHHUSI PAcCMaTPUBAIOTCSI B HEMOABMIKHOW IIPABOBUHTOBOM cucTeMe koopauHar [lexapra x, y, z. IlpeacraBieHbl BbIpaskeHUs
00BEMHOM IUIOTHOCTH TOPMO3HOTO TOKAa, KOTOPHIE SBIAIOTCSA HENEPHOIWIESCKHIMH (DYyHKIMAMH MpPOJOJIBHOM KoOpAMHATH x. Kpome
TOTO, B CIydae OZHO(DA3HOTO U KOHAEHCATOPHOTO TOPMOKEHUS 3TH (PYHKIHH SBISIOTCS HETICPHOANYECKUMH (DYyHKIMAMH BPEMEHU.
[TosTOMY IIpH CO3MaHUU MaTEMAaTHYECKON MOJETH OBUIH MPMEHEHBI HHTETpalbHBIe peodpasoBanus Jlamraca n dypre. Ha ocHoBaHuMM
npeoOpazoBanuss Dypbe IMOIyYeHHI BBIPAKCHUS AMIUIMTYAHBIX CHEKTPOB OOBEMHOH IUIOTHOCTHM TOPMO3HOTO TOKAa IPH YETHOM,
HEYETHOM W JPOOHOM dYHCIle BO30OY)KHEHHBIX 30H MHAyKTOpa. CIUIONIHBIC aMIUTUTYJHBIE CIEKTPHl OBUTH PacYUTAaHBI C HMOMOIIBIO
KoMIbloTepHO# mporpammbl Mathcad 2001 Profesional. Pe3ynbraTsl pacyeToB MOKa3bIBAKOT, YTO HAaUOOJBLIAS TUIOTHOCTh AMILIUTYX
TOPMO3HOI'O TOKa HaOJOaeTCs NPH HEYETHOM 4YHClie BO30YyxIeHHBIX 30H. M. 1, 6ubn. 7 (Ha aHrimiickoM si3bike; pedeparsl Ha
AHTJIMHCKOM, PyCCKOM U JTATOBCKOM f3.).

B. Karaliiinas, E. Matkevicius. Tiesiaeigio indukcinio variklio stabdymo reZimy tyrimas spektriniu metodu // Elektronika ir
elektrotechnika. — Kaunas: Technologija, 2007. — Nr. 3(75). — P. 37-40.

Nagrinéjami indukciniy varikliy, kuriy veikimas pagristas slenkamuoju magnetiniu lauku, elektrinio stabdymo klausimai. Parodyta,
kad vienas i§ perspektyviausiy analiziniy tokiy rezimy tyrimo metody yra spektrinis magnetiniy lauky analizés metodas. Matematiniam
modeliui sukurti daromos prielaidos, pagal kurias visi elektrinio stabdymo biidai nagrinéjami remiantis vienmacio magnetinio lauko
analize. Stabdymo procesai nagrin¢jami nejudancioje deSininéje Dekarto koordinaciy sistemoje x, y, z. Pateiktos stabdymo srovés tiirinio
tankio iSraiskos, kurios yra neperiodinés koordinatés x funkcijos. Be to, vienfazio ir kondensatorinio stabdymo atvejais tos israi§kos yra
dar ir neperiodinés laiko funkcijos. D¢l to, sudarant matematini modelj, buvo taikyti Laplaso ir Furjé integraliniai pakeitimai. Pritaikius
Furjé pakeitima, gautos stabdymo srovés tlirinio tankio amplitudziy spektry iSraiSkos, kai induktoriuje suzadinty zony skaicius yra
lyginis, nelyginis ir trupmeninis. Amplitudziy iStisiniai spektrai buvo skaiciuoti kompiuterine programa Mathcad 2001 Profesional.
Skaiciavimo rezultatai rodo, kad didziausias dinaminio stabdymo srovés amplitudziy tankis gaunamas tada, kai suzadinty zony skaicius
yra nelyginis. I1.1, bibl. 7 (angly kalba; santraukos angly, rusy ir lietuviy k.).

40



DOI: 10.5755/j02.eie.10468



