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Introduction

Methods of field theory allow to calculate
electromagnetic effects of electromagnetic devices with
arranged parameters. At present they are considered to be
the most accurate methods, allowing to estimate the
particular structure of linear induction motor (LIM). In
accordance with the initial assumptions considered when
formulating the problem it is possible to derive field
equations that rate the field variation within one, two or
three aspects. That is why there are differentiated one
dimensional, two dimensional and three dimensional field
problems.

The simplest analytical expressions of various
electromagnetic dimensions (B, J, H, E, A) are derived in
solving one dimensional electromagnetic field equations.
Solutions are nearly always finished forms which allow to
explain the physical essence of edges and ends effects, the
compensation methods and ways of these effects, allowing
to calculate the main working characteristics of LIM,
parameters of resultant schemes. One dimensional field
solutions depend only on the motion coordinate x and
time ¢. Field dimensions in other directions (y, z
coordinates) are considered permanent, i.e. do not depend
on them. This one dimensional field method is widely
applied in the works of various authors [1-4].

In determining the main inductance of phase winding
(first harmonic field inductance) it is necessary to take into
consideration the real spatial position of phase windings. If
in the air gap of the LIM electromagnetic field the
expressions are known and they have been derived when
rating the peculiarities of electric machinery with an open
magnetic core and when applied the dimensional formulas
[5] on field and circuit theory links it is possible to find the
expressions of the main inductances [6]. These inductances
as the parameters of dynamic equations could be applied
for investigations the dynamics of the linear drives [7, 8].

The purpose of the article is to derive analytic
expressions of the main inductances of phase windings of
flat linear induction motor making use of the solutions of
one dimensional electromagnetic field.
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LIM magnetic flux density components

In the air gap of the LIM magnetic flux density
towards the direction of longitudinal coordinate (towards
the direction of LIM movement) is distributed unevenly. It
depends not only on the coordinate but on the velocity of
the movement of the secondary element (SE). In the LIM
air gap within the boundaries of active zone there are
performed three components of the field, each of them is
composed of three multiplicand, depending on the SE
velocity v, position on the longitudinal axes x and time
t:

n,,2
B(v.x,0)= 3 B;(v)-B;(x)-B; (1) ; (1)
where the indexes n, 1, 2 — accordingly mean normal
component, positive and negative components of the
travelling field.

Each component is considered to be a complex

dimension characterized by the module and phase:

B, (v) = Bi(v)e/" " @)
Bi(x) = B ()" P 21 M) 3
B;(1) = B;(1)e/ ™ =1/ “)

Bi(x)=B;()=1.

Such a division into the components significantly
simplifies the derivation of the main  inductance
expressions. The complex index of the component B;(x) is

to be the complex roots of the specific equation, which are
obtained from the differential equation with partial
derivatives:

7 =*Hayp+jb);

where 71 and 72 are the complex roots of the specific
square equation [1-3].

The specific equation of the analyzed problem is
considered to be the same in accordance with the works of
various authors [1-4], but the roots of the equation when



solving this equation are derived different, due to the
different parameters used and notations. That is why it is
reasonable instead of @ and b to insert the dimensions
derived in some diverse works.

Complete magnetic flux

The complete magnetic flux of a coil with any phase
winding is obtained when integrating magnetic flux density
B according to the coordinate x and when multiplying the
result by the number of coil windings and the length of the
coil, because transversely the magnetic flux density is
considered to be a constant one. From the general
expression B(v,x,t) it is seen that on x depends only one
component of the sum of each multiplicands. That is why it
is necessary to integrate only the component B;(x), but
the remaining components stay unchanged. The expression
of complete magnetic flux of a any LIM inductor phase
coil winding is the following [6]:

nl,2 x+pt
¥, ()= 2awBi(0sp X Bi(v) | Bi(x)dx; (5)
X

where x is the initial coordinate of the medium line of
the coil; 7 is the length of the pole of inductor winding;
x + pr isthe final coordinate of medium line of the coil;

p= % is the coefficient of winding step shortening; w. is

the number of the windings of the coil; 2ais the width of
inductor; s; =1, when the winding is one layer

and s; =2, when the winding is duplex.

It is possible to move B;(¢) component behind the

symbol of the sum because it is the equal for all the
multiplicands.
B; (x) general expression of component integral is

[6]:
x+pr —pra ,~pra _
{ §l-(x)dx:\/l+e (e2 ; 2(:05,[ﬁ’z'b)><

X a“+b

Xea(x"‘ﬂ‘f)e_j(”i(x); (6)
b sin b

@:(x) = xb—arctg—+ arctg —————

! a cos frb — o hra ™

When field solutions are derived using vector
magnetic potential, then the magnetic field flux density
integral is changed by the linear integral with closed
circuit. This circuit is comprised by the coil perimeter
within the margins of the inductor. So instead of the
integral in the formula (5) it is necessary to write such an
integral:

fA(x)dl=A(x+pr)—-A(x). ®)
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All the values of the magnetic flux density are
changed by the values of the vector magnetic potential:

12
W, () = 2amp 4; (1)s 5 A; (v)-04; (x)dE. ()
l

The separate components of vector magnetic potential
are the same as the components of the magnetic flux
density.

In the expression of any inductor coil of the
combined magnetic flux the integral is the following:

x+pr)(a+jb) ex(a+jb)

Ugéi(X)dl:e( (10)

After having made some rearrangements the formula
of the integral is the following:

f4; (x)de = ea(x+,31)\/1 e Pra (e_ﬁm —2cos ,Brb) x
l

el Pi(%) . (11)

sin frb

(0.(x)=xb+arctg—_-
! cos frb—e Bra

(12)

B;(v), 4;(v) are components derived by solving

the field equation by means of partial derivatives, after
having accepted certain marginal terms. In a general case
the solutions may differ due to the diversely selected
marginal terms and dissimilar system of approved
parameters. It is also necessary in the complex dimensions

B;(v), 4;(v) to single out the module and the argument

because in the field solutions this dimension is usually
submitted partly in the algebraic type or index type.

The integrals of particular components it is possible
to calculate when instead of a and b there are inserted their
specific dimensions.

For normal component of the magnetic flux density:

After having inserted these dimensions into the
general expressions (6), (7) there is received the following
expression:

“fr ‘ Jon(x)
]J; En(x)dx:;ﬁ.m -e/Pn(X). (13)
sin Sz

(x) = I Zareg P
On T 2 & cos i —1 (14)

It is also possible to find the expression of the integral
z

for direct moving field when a =—a; ,b=—-—:

Te

X+ Iﬂr By () = | (x+p7) N
X



sin ftN
1+ ealﬂr {ealﬂr —2cos ﬂr”j ? (x)=-xN —arctg (M—i])ﬂr . (22)
x Te) Jjpi(¥) cos BN —e
¢ ; (15)
T
6112 + (r] For reverse vector magnetic potential, when
€ a=M+nand b=N:
. T
. i sin ﬂ‘rr— 014y (x)dt = e(M+77)(x+ﬂz') y
? (x)=—x—arctg —arctg € Bra (16) /
Tp a7e T 1 - -
cos fr e e x\/l+e (M +n)pr (e (M+ﬂ)ﬂT—ZCosﬂrij
. xe/#2(4); (23)
and for the reverse field, when a=a, , b=—: in BN
7, B sin St '
x+pr ”2 (x) = xtV+ aretg N —(M+n)pe 24
" by =m0 cos e e
@
al M:m]OC;a:z; 77:—#0}/22 V;
~Pray | ,~Pray _ i 4
[ ( 2°°Sﬂfre],em<x> S N O I Lo
3 . (17) NG o 2
3 U
te here y; is equivalent SE conductance; s is the slide.
0, (x) = L aretg T4 The components of the magnetic flux density which
2 Tp Tty depend on the SE velocity are found in the following way:
sin ,6’r£ normal component :
+arctg - Ti Bra ; (18) S .
cos,BrT——e 2 B,(v)= 071 = .eﬂ/’n("). ’s
. ¢ m(vs —v) @)
According to [3] kg 1+ —5——2
k
a ! a !
1=, 27—
al ’ 0!2 4 k /UO v
v)=arctg———,M="—_k=—1 (26
(/771( ) gm(vs—v) Psg T ( )

where |, ay, 7, expressions are the functions of the SE

_ 4z~ ~ : g
velocity v and characterize the character of the where pg=4710 * H/m is magnetic constant,J;

electromagnetic process of LIM. inductor linear current density; v¢— synchronous velocity;
For normal component of the vector magnetic ps — SE surface resistance; g — SE width ;
potential when a =0,b = _Z. Positive traveling edge effect component:
T

Bi(v)=Jympg x

= _ Jon(x)
%én ()t V2 i-cos e ; (19) K2 +(mV)2 K2 +(mv)2
. 1+ > 5+2 2 5 1Cosgq
on () =—x= —arctgLﬂ”l : 00y | tlmls ] VR ;[m(Vs )] .
T cos fr — () 2
For positive vector magnetic potential when e Jjor(v) ; a7
o b sing,
—(M—n)(x+pr @, (v) =7 +arcig _
14y (x)de = MEHPT) R
: TS g teosgy
- - k
X\/1+€(M n)pz [e(M Ul —2cos[7"rij +(mv)
/ —arctg .
A, e . (28)
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Py = Pn +arcl‘gi 4 :L’ bzi; (29)
Te
2\/—\/ﬂ mv 4a)m mv
17 > % (30)
b— mV\/_\/\/ mv 4a)m —(mv)
(1)

\/ (mv)4+(4a)m)2—(mv)2 :

where w — angular frequency of power supply source;

negative traveling end effect component:

2

2
mv+a, | +b —aL( —alL
By(v)= 1)2 [l+e “ [e 1 —2cosbLDx
(mv—al) +b2
JP5(v)
xB)(v)-¢" 2 (32)
sinbL
?5 (v) =arctg — +arctg T
mv=dy e ! —cosbL
sin
sarcig 0 SNCE)
k2+[m(vs—v)J
5 3 +cos )
k +(mv)
ay =—, L=2pr,
2\/5\/x[(mv)4 +(4a)m)2 —(mv)2
@ = (34)

b+ mv\/E\/ﬂ(mv)4 +(4a)m)2 —(mv)2

Components of vector magnetic potential depend on
SE velocity and are derived in the following way:

normal component:

m 2\/1+£ |
Pp(v) =arcige . (36)
positive traveling component :
2 2
H, —2pr(M+ M- +(N -
A1(V) =, e et 2 i 2 ( Z) )
2a (M +N )(1+g )
o, (v
<’ 1 (37)
N
(V) =—(r+2ptN + arctgﬁ +
+arctge —arctg N-a ); (38)
M-n
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negative traveling component:

2
2 .
Hy |(M+n)" +(N+a)  joyv)
2a (M N )(1+g )
V) =—(z +arct £+arct g—arct, N—a)
P2 gM g gM—Il . (40)

The components of the windings main inductances

To derive the analytic expressions of LIM inductor
phase windings of the main inductances there are used the
solutions of one dimensional electromagnetic field
solutions [7], after having rated the end effects.

In such a way are derived all the necessary
expressions in order to calculate the complete magnetic
flux of any coil, assessing the effect of the ends.

In each expression of a component depending on the
linear SE velocity there is longitudinal current density
marked by various authors differently but possessing the
following equal value:

32wk w1

pT

Jy=dy = Im = _ lapl (41)

1 >
where w - the number of turns on the phase inductor
windings.

J1 is possible to move beyond the sum symbol of the

expressions (5), (9) and we derive:

nl,2 x+pt
Y, (v,x,t)=2aw,.J1B(1) X L.(v) [ Bj(x)dx;42)
X
n,l,2

Wy (vox,0) = 2aw.J A1) X L(j(v)ﬂl;ﬁj(x)df; 43)

The values of the functions £ (v), f ; (v) are derived

after having moved Jl beyond the sum symbol of the

expressions (5), (9) .

The main inductances of phase windings of separate
coils of LIM is possible to derive using two methods.

According to the first method at first there are
determined the main inductances of separate field
components for each separate phase coil. After that by
summing separate components of inductances for each
coil, there is derived general inductance of any phase:

qp qp qp
L =520 Ly +s 2 2L +5) 2210 (44)
where f = 4, B, C —are phases; L, Ly, Ly — are inductances

of coils respectively to normal, positive and negative
traveling components; s; =1, when the winding is single

layered ands; =2, when the winding is double layered;



p, q — the number of pairs of poles and tracks falling to

the pole and phase.

The second method is more suitable because it
permits to find the complete magnetic flux of the phase
first and after that to find separate components of the
inductances and general major inductance of the phase. In
the equations of dynamics of rectilinear drives with LIM
there are used only the main inductances of the phase but
not the inductances of separate coils.

The complete magnetic flux of any LIM inductor
phase winding is found by adding complete fluxes of
separate coils forming general phase winding. After having
assessed the fact that the complete flux parts do not depend
on the longitudinal coordinate, but which is dependant on
the field components namely the normal component and
the velocity obtained from the following expression:

x+pr
‘{’f:sl2aw,,J1§(t)-[pq£m.(v) i B, (x)dx+

1,2 pqx+ﬂ1'
+S L0088 [ Bi(x)anl; (45)
X
‘Pf =s12aw,J14( )-[qun (v)mén(x)d€+
¢
1,2 r4q
2 f;0) zzagéj (x)da; (46)

where is the number of one phase coils;

prqg—
B(t) = A(t) = /"

The main inductance components of the phase winding

After the complete magnetic flux of the phase (42),
(43), in the expression of which the current density has
been substituted by the current, is divided by the current, in
the phase windings:

i=~21e/" (47)
and multiplied by fz, derived from the general formula

used for calculating the main inductance of the phase
winding expressed by the magnetic flux density and vector
potential:

b6aww,.k, x+pr

Ly =5~ lpaf, () [ By(x)dr+

B, (x)dx]; (48)

(49)
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Separate components of the main inductance of the
phase winding are:

Ly =y ! ﬁaplﬂ_n x+f T_n (x)dx; (50)

Ly =5 6aw1£’”’ v £, ()dn (3)dts 6D

L=s i ];“p 1/)’_1 (v)%ﬂfrél (x)dx;  (52)
Li=s 6aw1§“plﬂj_fl @)f%ggél (x)dt;  (53)
Ly =y ;ap v, (V)%XTTBz ()dx; (54
Lyr=s ad j;aplﬂl_‘z ( )5%%42 (x)de;  (55)

where pgw;. = w| —is the number of one phase turns.

After entering the particular values of the symbols of
the formulas (50 - 55) L, , I, Ly and evaluating only the

modules of the complex dimensions it is possible to get
the component expressions of the main inductances.

Conclusions

After having applied the solutions of the one
dimensional electromagnetic field of flat rectilinear
induction electro motor:

1. There has been composed the methodology according
to which by applying one dimensional electromagnetic
field solutions it is possible to derive analytic expressions
of the main inductance of the phase windings of theLIM.

2. There have been derived the analytic, normal,
positive, negative traveling field magnetic flux density
expressions of the components and vector potential,
necessary for calculating complete magnetic flux and
inductance.

3. There have been derived the specific expressions of
component integrals of magnetic flux density and vector
potential, depending on the position x and magnetic flux
density as well as vector potential components, depending
on the expression of velocity v.

4. There have been derived general formulas for
calculating the main inductance of any phase windings
and normal, positive, negative formulas for calculating the
separate inductance components.

5. The derived analytic inductance expressions may be
used as the parameters of LIM mathematical model, in
modeling automotive linear electric drives.
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E. Matkevicius. The Main Inductances of Linear Induction Motor Windings // Electronics and Electrical Engineering. —
Kaunas: Technologija, 2006. — No. 4(68). — P. 63—68.

The article deals with the methodology according to which when using one dimensional electromagnetic field solutions it is possible
to derive analytic expressions of the main inductance of LIM inductor phase windings. The derived analytic normal, positive and
negative traveling field magnetic flux density and vector potential are required in calculating complete magnetic flux and inductances.
There have been presented analytic positive and negative component expressions depending on the position on the longitudinal
coordinate x and secondary element velocity v, used in determining the main inductances. The derived analytic expressions of any
complete magnetic flux of LIM inductor phase coil and windings are expressed via the magnetic flux density and vector potential. There
have been derived a general formula for calculating the main inductance of any phase windings and inductance of separate normal,
positive and negative components. These formulas may be applied in calculating the specific linear induction motor parameters in
compiling a dynamic drive model and in modeling automatic linear electric drive systems. Bibl. 8 (in English; summaries in English,
Russian and Lithuanian).

9. MarksaBuuwc. OcHOBHble HWHAYKTHBHOCTH OOMOTOK JIMHEHHOr0 AaCHHXPOHHOr0 [BHraTeiast // ODJEeKTPOHMKA U
aexkTporexnnka. — Kaynac: Texnouorus, 2006. — Ne 4(68). — C. 63—68.

IpencraBieHa MeTOAWKa, O KOTOPOM, HCIOJB3Ys PEIICHUS OJHOMEPHOTO 3JIEKPOMATHUTHOTO II0JISI, MOXKHO IOJYy4YHTh
AHAJMTHYCCKUE BBIPAKCHUS OCHOBHBIX MHAYKTHBHOCTEH (Pa3HBIX OOMOTOK MHAYKTOpA JHHEWHOro acHHXpoHHOTrOo asurateis (JIAJD).
Tlony4yeHbl aHAJIUTHYECKUE BBIPAKEHUSI HOPMAIIBHOM, mnpsAMoberymeil u o0paTHOOEryiiel COCTaBISIIOIMIMX MArHUTHOTO I10JIs
MarHUTHOM WHIYKIMH U BEKTOPHOTO MOTEHIMANA, HEOOXOJUMBbIE IS pacyeTa MOJHOT0 MarHUTHOTO MOTOKA M HHAYKTUBHOCTEH. Taroke
HpeCTaBIeHbl aHATMTHYECKHUE BBIPAXKEHHUSI HOPMAJIBHOM, NpsiMo0eryieit 1 o0paTHOOEryIel COCTaBISAIOINX OJJHOMEPHOTO OeryIero
9NIEKPOMArHUTHOTO TIOJIsSI, 3ABUCSAIIME OT IOJOXKEHHS II0 IMPOJOJBHONW KOOpIAMHATE XM CKOPOCTH V BTOPUYHOIO DJIEMEHTA,
HCIIOJIB3yEMbIe /IS ONpeeIeHHs] OCHOBHBIX MHIYKTHBHOCTEW. [lomydyeHbl aHaIMTHYECKUe BBIPAKEHHUS MOJIHOTO MarHUTHOTO MOTOKA
m0060# KaTymku (as3sl 1 00MOTKH HHIYKTOpa JIAJL, BoIpaXKeHHBIC Yepe3 MArHUTHYIO HHAYKIHIO U BEKTOPHbIH moTeHuuast. [TonydeHs
obmue ¢GopMysbl pacuera OCHOBHOW WHIYKTHBHOCTH 11000 ()a30BOW OOMOTKH W OTAENBHBIX HOPMAJBHOW, OpsAMOOerymen u
obparHoOeryieil ee cocTaBIAIoUMX. ITH (OPMYIIbl MOTYT OBITH HCIIOJNB30BAHbI JUIS pacyeTa KOHKPETHBIX MapaMeTpoB JMHEHHOTO
ACHHXPOHHOTO JIBHIaTeNs, JUIL COCTaBJICHHS IMHAMHYECKOH MOJENM NPHUBOAA W MOJCIMPOBAHUS CHCTEM aBTOMAaTHU3HPOBAHHBIX
JIMHEHHBIX JJIEKTPONPUBOAOB. bubi. 8 (Ha aHrIniickoM si3bike; pedepaThl Ha AHTIIMHCKOM, PyCCKOM H JIMTOBCKOM S3.).

E. Matkevic¢ius. Tiesiaeigio asinchroninio variklio apvijy pagrindiniai induktyvumai // Elektronika ir elektrotechnika. — Kaunas:
Technologija, 2006. — Nr. 4(68). — P. 63—68.

Pateikta metodika pagal kuria, panaudojant vienmacio elektromagnetinio lauko sprendinius, galima apskaiciuoti TAV induktoriaus
faziniy apvijy pagrindiniy induktyvumy analizines iSraiSkas. Gautos analizinés normalinés, tiesioginés ir atvirkstinés bégamojo lauko
magnetinio srauto tankio ir vektorinio potencialo dedamamuyjy iSraiskos, reikalingos pilnutiniam magnetiniam srautui ir induktyvumams
apskaiCiuoti. Pateiktos analizinés vienmacio bégamojo elektromagnetinio lauko normalinés, tiesioginés ir atvirkstinés dedamujy
priklausanéiy nuo padéties isilgine koordinate x ir antrinio elemento grei¢io v israiskos, naudojamos pagrindiniams induktyvumams
nustatyti. Gautos analizinés bet kurios TAV induktoriaus fazés rités ir apvijos pilnutinio magnetinio srauto iSraisSkos isreikStos per
magnetinio srauto tankj ir vektorinj potenciala. Gautos bendrosios bet kurios fazés apvijos pagrindinio induktyvumo ir atskiry
induktyvumo normalinés, tiesioginés ir atvirkstinés dedamujy skaiGiavimo formulés. Sios formulés gali biiti panaudotos skai¢iuojant
konkrecius tiesiaeigio asinchroninio variklio parametrus, sudarant dinaminj pavaros modelj ir modeliuojant automatizuoty tiesiaeigiy
elektros pavary sistemas. Bibl. 8 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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