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ABSTRAGT

/ The thesis is concerned with the study of the performance of the
linear induction ﬁotor, and its electromechanical stiffnesses and
dampings. The three axis forces, magnetic flux density, roll, pitch
and yaw couples are estimated under different stator symmetrical
and asymnetrical positions, aud the corresponding flux density and
force distributions are plotted.

The three axis forces and the three rotational couples generated
by the muchine, in six different degrees o freedom, are related %o
the mechanical vibration system, and represented by the equivalent
mechanical springs and damping devices, hence the electromechanical
stiffness and damping coefficients are derived.

In order to verify the validity ef the theoretical work, an
expefimental machine is designed and built, Both theorctizcl and
exparimental results ars shown for compariscn purpores,

In the theoretical analysis, a three-ilmension=l «aa.ytical
approach is used. The field quantities are okbained by solving the
field equations using the method of separation of variables, In
the mathematical model, a constant-current cource is usouwnsd and
represented by @ thin surrcat sheet. The termiwl vollage of the
stator is then determined in order to relate the ccastant-currcent
drive to a coastant~voltage drive machine, The forees genecated by
the secoadary conductor are evaluated by using the Maxwell's second

stress tensor.
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CHAPTER 1, (GENERAL INTRODUCTION

1.1l Introduction

The inducgion machine is one of the most commonly used devices in
electrical engineering, Its ability to produce force on the secondary
member at a distance without either mechanical or elactrical contact,
its high efficisncy and good power to weight ratio are of great value
to users and designers. Investigation and strdy of induction motors
have been going on since the first invention by Tesla ir 1880,

In the last twenty years the increasing needs for improvements
in existing transport systems and the unacceptability of aireraft
operation within city ~antres have led to the consideration of High
Speec Cuound Transportation, wp to 300 km/h. The present wheel
driven systems become impi=ciicanle, because of the considerable
mechanical enziiwerion: p - ~“lem= which would be involved in the
susperzion srotem, ani ipe cortuct between the whesl and track.

These problems may be oveccome by making the vehicle airborne, it
has been svggested, elther by air cushion or by electromagnetic
lavitation as ke means for hevering suspensinn and propulsion

by a linesar moltor. Attenticn has bzan focused on the linear version
«{ the induction motorj 1t has been considered as one of the best
offers for future ground traasport due to the following outstanding
features:

1. It is not necessary for the rotor receiving the energy, for
production of forces, to have mechanical contact with iﬁs source.
The forces gzenerated by the rotor ars due to electroqagnetic induction
~with no elsectrical or mechanical coatuct, |

2. Because of tne lack of coantact between the primary and secoadary

o,

members, thsre is nc mechanical friction between wheel and track -



therefore it is capable of running at high speed.

3. The system is chemical pollution free.

4e It has a low noise level when comparsd with an air cushion for
hovering suspension.

5. Simplicity in construction of the track.

The track can be in the form of an aluminium sheet, backed with steel.
The maintenance of such a track would be negligible when compared
with that of the existing railway track which requirss frequent
maintenance as a rasult of the hiéh stress concentration Jdue to the
sme1ll area of contact between wheel and rail.

In order to describe the linsar version of the induction motor
(Linear Induction slobLur), it may be looked upon in the simplest form
as an unrolled induction motorl’?. However, when we come to the
perforrance anslysis of the lincar induction motor, it would not be
so easy to describe when compared with the conventional induction
motor,

The important featura of the linear machine is the discontinuity
of the motor(in Hish 3peed Ground Iransport, & short stator machine is
usvally  suggosted) which 12038 to entry and exit end erfects.
These end ef’ects arise frem the discontinucus naturs of the excitation
of the stator windings and the stator iron. Especially for high speed
cr high frequency operation, the end effect 15 serious in that there
is a tail of magnatic flux after the exit end. Besides, the linear
induction motor does not develop forces in just one direction,
but in all thres dirsctions. Foree in the traction direction is for
propulsion, force in the normal direction can be designed for
levitation purposes, and force in the lateral direction can be designed

for sideways siability,



Although the linear induction motor and the cozlventional induction
machinz have the same basi¢ principle, their analyses are quite
different from each other. .

The history of the linear macﬁine dates back to the end of the
nineteenth century, The first machine was considesred in the {extile
industry in 1895 for propelling the shuttle through the warp without
any electrical or mechanical contactj. In the next few decades,
the linear induction motor was suggested for high speed ground
transport, but due %o the presence of the existing transporlt system
followed by the development of the aeroplane - vhich seemed to be
a more convenient method-there was a lack of interest in linear indu-

4y wvag builb

ction motors. In 1246, & larse ilnear induction motor
in the U.S.A. by Westinehouss which was the first major applicaticn
of the linear inductior mct*or, It was used as an aireraft accerelator,
known ag an 'Eiectropid' . which consisted of a short stator as a
carrisr for the aircracl: <nd a long ' squirrel cage' type rotor,

It was not, until the widdle of the 1950's that most of the analysis
of the linear induction motor started., By that time, it was analysed
for the liquid metal pump =nd the seif osciliating linear induction

motor6’7

for shuttia propvision., In the last twenty years, it became
clear that the linear wachine could advantageously te used in many
applicaticns, and investigation were made in many countries, in-
cluding ths possibility of using the linear induetion motor for high
speed ground transport.

‘The object of the prasent project ;s to study the performance of the

single-sided linsar induction motor and its eiesctromechanical

stiffness aad damping, It ineludes <ths prediction of the fellowing:

- 10 =



(2) flux density;

(é) three axis rorces;

(e) flux and force distributions;

(d) terminal voltage;

(e) power flow distribution across the air gap;

(£) roll, piteh and yaw couples;

(g) electromechanical stiffness and damping coefficients in six
degrees of frecedon,

with the variation of

(a) slip - spsed of the mector;

(b) air gap length;

(e) lateral displacement of the stator;

(d) dirferent angles of roll, pitch and yaw;

(e) different veloclty in six dugrees of freedom s¢ bhati “he
electromechanical stiffness and damping coeffi.:er.s can be found.

_The electromechanical stiffness aad damping coefi't »ortg will provide
data for a further study of ithe stability of the machine. The pesulis

can be used for designing th: guidance ¢l the liaear irduction mobor.



1,2, Butling of the thesis

When an object is in motion, it has six degreen of freedom, the
three translational motioas along the three axcs of the Cartesian
co-ordinate system, and three rotational motions, that is, rotations
about the three axes.

" In the linear induction motor, which is a rigid body, the thrce
translational motions along the threz axes(x, y and z axes) are
referedtoas tie tracticn, normal and lateral directions. The three
rotational motions along the three axes are refered toas roll, pitch
and yaw. See Flg.l.2.1,

Tn the analysic, the three axial forces and the three rotutional
couples are found with respect to different positions, linvnr velocity
and rovaticual angular velocity of the stator. Hence the elactromech-
anical stiffness and damping ceceflicilents in each of bthe six dcgrees
of freedom can b2 found. In order to caleculat= the i1 .esc and
damping coefficients of the linsar induclion mobor '3 »mach of the six
degrees of fresdom, &« three dimensional aualysis is essential. An
analytical approach is used in the prescut invessizaticn. By assuning
a constant current source and a thin curient sheet representation for
the stator windings, the field equations in diff.rant revions (air
gap, secondary conductor and back iron regions) are sulved by the
method of separation of variables, and taz flux and force digt:-ibutions
are also plotted.

In the amlysis, both the ead effect and the lateral edge effect,
which are due to the discontinuity of the stator are considered,
and the skin effect of the secondary coaductor is included,

Roon Teck 0018 bhas publishad a paper about the electromechanieal

stiffness and dawping esefTieients in repulsive magnstic levitation.



In the paper, the stiffness and damping for each of three degrees . of
freedom were found., Besides, theore are several papéfs which have
investigated one or two degrees of freedom of the linear induction
motor.

K, Oberret19 published a paper about the three-dimensional analysis
of the linear induction motor, taking into account the edge effects
and the distribution of the winding, The paper used a three-dimensio-
nal analytical approach and the Fourier series representation for the
curprent sheet,.so both the lateral edge effect and the longitudinal
end effect are considered,

Besides the two papers mentioned above, therc ars several macuine
auiiysis tecﬁniques vhich have b2en used to estimate the performanc:
of the linear induction motor. They iancluded differant approaches
and these varied from one dimensional to throe dimensional analysass

10,11

one and two dimensional approaches by Yamamura , using the

fourier transformation; the transfer matrix analysis by Alden &

13 14

Nolan™; the pole-by pole analysis of Lipo * ; gencralized amachine
theory by Boon Teck 09115; the finite difference method by Nasarlé;
uamerous papers study the linear induction motor in one or two
dincnsions and stability in one or two degree of fresdom (refs,17-28).
The vork in this thesis is closely related to the two papers by
Boor Teck Ooi and K. Oberretl(refs.829). It attempts to complete
the investigation into the stiffness and damping of the linesar
induction motor in all degrees of freedom,
An experimental linear induction motor was designed and built, and
experimental results were obtained, The six by six stiffness

coefficient matrix was verified by comparison betwsen the theorctical

e



and experimental results, Some of the damping coefficients were

¢
'

obtained from the experimental results. The magretic flux densities

in all three directions were measured for comparison purposes.

3 -
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CHAPTER 2




GHAPTER 2 THEORETICAL ANALYSTS

2:1ls Introduction

The model used in this project was a single~gided, longitudinal
linear induction machine having an aluminium sheet as the secondary
conductor. The chosen model ean be with or without backing iron.,

In the mathematical model, the relative permeability in the back

iron region is chogen &S‘Mr=1 if the machine has no backing iron,
otherwise the relative permeability of the material is uscd. The
primary 3-phase winding is represented by a thin current sheet, where
the m.m.f, distribution of the current sheet is the same as would

be produced by the 3 - vhase winding.

It 1s assumed that there are Infinite arrayc of' machines in both
the traction and the lateral diractions( x and z directisns) and the
discontinuous current shect in th: x and z directions is represented
by a double Pourier seifizs., Th2 whole mathematical model is divided
into four regions in tre normal direction(-y direction): the stator
iron region, air gap region, secendary coanductor region and the back
iron region. The stator irox rcgion is assumed to have infinite parin-
eability, and only th> field equations in the air gap, secondary
conductor and the back iron resions are considered, By using the
method of separation of variables in the air gap, second=ry conductor
and the back iron regions( namely regions 1, 2 and 3), the rield
equations are solved, thus flux znd forces can be found. The forces
are ealculated by using Maxwell's second stress tensor,

The three axis forces and the three rotational couples ars fo;nd in
varied positions and varisd roll, piteh and yaw angle;, the

electromechaniecal stiffnesses ars thus obtained.



Also, the three axis forces and the thres rotational couples are
found with varied linear velocity and with varied angular velocity
of the stator, hence the electromechanical damping coefficients
are obtained.

By using Maxwell's Second Stress Tensor, and taking the surface
of the secondary conductor as the surface of integration, the force

distribution on the secondary coaductor ean- be plotted,

2.2. Real nodel

The real modsl used in %ie analysis is shown in Fig.2,2,1., and
Fig.2.2.2.. Fig.2.2.7. rzpresents the modai. ssea in the z direction
and Fig.2.2.2, represenris the model seen in the x direction,

The model consists of the stator iron, stator winding, secondary
conductor and back iron. The stator is made of laminated iron with
slots on one side, and the winding is placed in the slots so that
it can produce a traveliinz m.m.*.. The secondary conductor is
made of aluminium, The back ircs is made of magnetic material,
which is in a lamisated form,

The model used is a short stator machine, which is a familiar
model usually suggested for high speed ground transport. The stator
is installed in the vehicle and the aluminium sheet is used as the
track., }

The stator winiings are half f:lled at both ends, seriss connscted

and supplied by a 3-phase balanced current. Usuelly, machinzs ave



supplied by a constant voltage source, but in this analysis a
3-phase current source is assumed,
The co-ordinates used in the analysis are shown in Fig.2.2.1, and

Fig.gvzﬂzlo

2.3. Mathematical model

The mathematical model used in thz analysis is shown in Fig.2.3.1.
and Fig.2.3.2.. They represent the model scen in the z and x directions.
This model is commonly used whenever an znalytical approach is

10,18,30 ’ . ! - | ! >
35977 , since it gives nodiscoatinuity  in either tre

applied
stator iron or the back iron regions, though certain assumpticns
are made,

In the mathematical model, it is assumed that thore are infinite
arr=ys of machines in both the x and z directions, so that the m.m.f.
produced by the stator windings can be represented by a double
Fourier series, The distance betweén adjacent machines in thg X
divection ( Lx ) must be taken sufficiently long so that {icre are
no interactions bstween the machines. The distance taken between
adjacent machines ia the z direction ( LZ ) is the same as the width
of the secondary conductor sheet. This will give neither flux nor
current flow across the boundaries between machines ln the z
direction.

The stater iron is assumed to have infinite permeability and the

stator windings are assumed to bz in ths form of a thia current sheet,

- B9 =
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Several different waveforms can be used to represent the current
distribution in the z direction. They are examined in Appendix Al.

The curreni distribution in the z direction for the Jx and J components
( current flow in the x and z directions) arc assumed as shown

in Fig.2.4.1. and Fig.2.4.2.. The dinensions of the machine are

also shown in Fig.2.4.1..

The current flow in the x direction ( ‘Tx) is only dus to the
overhang winding. The current flow in the z direction ( Jz) is
mainly due to the winding in the slots within the active zone. There
is also a Jz componenrt’. in the overhang region, The current flow
in the y direction ( J&) is assumed to be zerc,

The current sheet distributions in the z direction in the overhanz
region have the form oi‘é sinusoidal deczy. This is oae of the
bost representations of the stator windings when an infinite wide
~tator iron is assumedg.

In Fig.2.4.2., the current distributions of both Jx and JZ ara
shown in the z direction. They are both assumed to be of uniform
maguitude, except at both ends, whsre the magnitude of {he current
1s reduced to half because of the half-filled end slots.

The current distribution of J, in the z direction (fig.2.4.1.)

can be rapresented by a Fourier series Fl(zJ, with period L ,

00

Pr(z) = 2 b sinfsz (.2, )

m=1

The current distribution of J, ia th: z direction (Fig.2.4.2.)

can be represented by a Fourier series F,(z), with period L,

Ba
Fy(z) = ): b, ,siaY 2 (2.3.)
m:



where b k_and bm? are Fourier coefficients, and
X ;

Lzfa
. Fi(2) sin¥mz dz.

e

o 'Q_Xglﬁn(xma)'f % &, ZJmSin(zmb) - %COS(WT).I
FEEAE) 1 IS S

o
i [ Fal)cosdnz dz

bmz =
J i
ool A ,,t.ﬁ.mﬂ_#,:,‘,_(tl,?'-)sm(a’ma)-zz!m +2§m%mm+ﬂ*’£}g)iln§b’mb) ‘
- E:w:.;‘ @;-‘jz . Xﬁ (im:t) o
o = Lz _ Zfo =

2
T

k= Lz=b

oy
§in= Lz

& BIR

z, represents the lateral displacement of the stator to one side of
the machine, as shown in Fige2.4.4.. The corresponding Jx and Jz
distributions in the z direction are also plotted in the diagram,

Both Jx arnd Jz are assumed to have the same distribution in the
x direction, as shown in Fig.2.4.32.. By using the Fourier series,

this distribution can be repressated by a function F(x), perisd L ;

- 22 =
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Foo =Z Qi Cos oln X (2.
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where a is the Fourier coefficient, and

bx/y
Qn = —f-;— Fexy casolnx dx
L,
cx'p )x, /el
(.214-1)31[ n{ ) + sin _n_l.q_a)J

= -1) 31
L i

The current distribution of J)r in the x-z plan~ ~2p be represented

by a series,

Fx(x,2.t) = ;T F(z) Fen

©d )
- J J'MPJ(w't“%X) . Z Llnx S :g’;,!z ’ E A ,-"nso{,; X
m=1 n= 1
o 0o | i
- Z Z Omnx 2419] {etnX -—w’:-)'anXmZ (2.5.)
m=1 n=-%

wl'tere ahmx -'T'-JJ anmx

.
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Similarly the Jz conponent can be represented in the x=z

plane by a double Fourier series,

Jz = j Rz F&

= i f. Owmnz MPJ (ofnx -w't) cosdmz (2.6.)

m=1 n=-%

where Onnz = J Gn bmz

2.5, Governing equations

Electromagiatic fields are governed by the following Maxwell's

equationng’BA,
VXE =-B (2670}
VXH =17 (2.8,)
V-B =0 (2.9.)
vV.D =p (2.10,)
Also, Ohm's Law for an isotropic medium moving with velocity
V is:
J =¢(E + VXB) ! (2.11.)
In order to set up the electromagnetic field equations in
this analysis, a magnetic vector potential 2 is defined,
B =VXA (2.12.)

- 29 -
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and V' A = 0 .i.s asswﬁedo 1 (2-1_3‘)
For a medium with constant permeability p,
B=pH (2.14.)

eqna. 2.7, and 2,12, give,

——

Vx E=-8
A‘ ¢ (2,15)

o
"

eqns. 2.8. and 2.11. give,

VXH =0 (E + VxB) (2.16.)

©qr8.2.12., 2.14., 2,15, and 2,16, give

UXVXA = uc-A 4 VX UxA =)
$.8, vl;'::\' -~ MU( 'A"_ Vx VX;EH' v¢)

(2.17.)
Squation 2,17, is the field equation used in the ara ysls,

As defined in the previous section, the currsnt sheet has two
cumponents only, J(X,Z,‘t) & (j‘x = J'z)

but in the secondary.conductcr region, there may be a small amount
of current flow in the y direction. For simplicity of the analysis,
it is assumed that there is no Jy component anywhere,
From eqns. 2.8, and 2.12,,

Vzﬁ L, —uT ‘ (2.18.)
sinee J has two conponents 1}:1 x and z directions only, the magnetic
vector poteatial A is also assumed to have two cousponents in the

= (Ax, O.Az)'

same directions,i.e.

- 3 e



2.6,

Roll, pitch, vaw, lateral and normal displacemant in the

mathematical model

In the mathematical model, the roll, pitch, yaw and the linear

displacement of the stator are represented either by a change in

the air gap length or & change in the current distribution of the

current sheet in the z direction,

Roll:

Pitech:

This is represented by a change in the air gap length
g, such thet it is'a function of the 2z co-crdinale (see

Fig.2.6.1,).

glz) =g -e z (2.19.)
where €, is the aver=ge original gap length,
' 8, is the angle of roll.

With roll, tl= 5i-tor s tilted and the
curren*, sheel ~-luces a component Jy flowing in the y
diraction, 1i ("¢ angle of roll is small, it may be assumed
that the curcensv flow in the y direction is also small,
€r that Jy can b2 n=glected,

In this analysis, tha effect of roll is to shorten the
air gap on one sid? of uhe machine, and to icngthen it

on the other siie,

This can be represented by a change in the air gap length

as a function of the x co-ordinate.(see Fig.2.6.2.)

glx)=g +o0,x (2.20.)

L
-t

S



Yauw: This can be represented by a change of a lateral
displaccment of the current sheet, Z_s SO that it is a

function of the x co-ordinate(see Fig,2.6.3.)

5, = QY x (2.21.)

Also, it is assumed that the angle of yaw is small, so
that the change of the lateral displacement of the current
sheet is the only result from yaw.

The positive directions of the rokation for roll, pitch
and yaw are defined by the right hand screw rule, the

axes of rotation being the .x, y and z axes respectively.

Traction dirsction displacement:
There is no electromagnetic effect on the aisplaccment
of the machine in the x dircction exsept !r *h, clange

of the origin of the Cartesian co-ordinate,

Normal direction displacement:
In the mathematical model, this can be rapresented L,

a change in the air gap length g,

"N
.
Fa o
L
°
—

E=E, * 7y, (

Lateral displacement:
In the mathematical model, this can be represented by a
change in th: sideways disglacement of the current sheet

zo(see Pig. 2.4k )s

z (x) = z‘ (2.23.)

o 3
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In general thess rotational angular displacements(roll, piteh
and ysw) and linear displacements can be represented by two equations

g(x,z) and Zo(x), where

i

g(x,2) =0, x-0, 2 +y, (2.24.)

and zo(x) =0 z+3z (2.25.)

g(x,2z) is substituted in the boundary conditions aftsr the field
equations are solved, and zo(x) is used ac one of the parameters
in the current sheet equations(eqn.2.4. and eqn.2.5.) in solving

the field equations,

2.7, Stator lirear velocity snd angzular velocity

In the analysis, ihe ot lor is assumed %o be stationary and the
rotor moving., The origin of the co-ordinate system is placed on
the bottom surface of the recondary conductor(see Fig.2.2.1.).
Whenever thers is a motion in the stator, either a linear motion
er rotational moticn, it iz reflected inte the secondary conductor
so that the conductor moves at thz same velocity but travels in the
opposite direction,

The linear velocity is defined by a velocity vector'?, whers

V= T oV0,)
This is used so that i% enables ths electromechanical damping
coefficients to be ealculated,
The rotatiorz2l angular velocity is defined br 4

= (ux,u ,uz)

J

- 35 -



= (0,,6.,6,)
/

The angular velocity of the stator cun be expressed in terms of

the linear velocity by the equatisnBB,

V =0XR

where R = (x,y,2)
In general, the linear velocity and the rotationsl velocity can
be included in one equation and expressed in terms of the linear

velocity only.

- 2
Viotal= V + WXR (n.26.)

2.8. Field eguations

The electromagnstic fisld equatiocns ars delfined in (uree 12gions;
the air gap ragion, the szcondary conductor region and the back iron
region. These are shown in 7ig.2,8.1. and labelled region I, region 2
and region 3 raspectively. The field equations in these regions

are derived from the governing equation(eqn.2,17.),
2% g A+ T 1
VA =uc{R -~ VXVXA+ VP
and they are discussed separatsly as follows:

Region 1 : The air gap region.
Since the conductivity in air is zero,0" = 0, thus the governing

equation (ega.2,17.) is reduced to a Laplacian equation,

V4 =0 (2.27.)



air gap rejzbn |t 74 =0 |
= 4 (Al - VX VA2 |
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i // / // //////
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where A, = (A

egion 2 : The secondary conductor regioa,

e
By putting Ay = (Ay, O, Azz)
and § = (vx, vy_, V. )

into eqn.2.17,, the field in rﬂgLon 2 is defined by the Poisson aquqt—

ion,

2= s = B
VA =uo{F - VXVA+VE)
The term V¢ Ls customarily associated with the electrostatic effects

of the charges on a cuninetor surface, and is usually ignored in

s . ¥ oty 10
the analysis of linear inducilon motorg’ .

hence - {72-.. = 0 :{ .4 VXVXA}
vice VAR s ol s ‘/)' 6324 V_( aﬁu)

Vhor o] fls - "(‘)z’” Pe) 1y Lz

ard Ay = O _ (2.28)

Region 3 : The back iroa region.
The back iron is laminated,zero conductivity being assumed in this

region, The field equation is the same as region 1. a Laplacian

‘7?2‘2¥; - 0 _ | (2.29.)

equation,

- 38 -



2.9. Solutions of the elsctromizastic field eouations

The electromagnetic field equations in the three regions are
solved by the method of separation o variables % in terms of the
magnetic vector potential]{ + In order to match ths given boundary
conditions on the interface betweea the stator iron and the air
gap regions, the particular solutions and the general solutions
of the field equatioas in the three regions are in the form of a
- double Fourier_series, since the defined current sheet at the
boundary is in terms of a double Fourier series.

The solutions of the electiromagnetic field equations in the three

regions are determined as follow:

ttegion 1. The air gap region,
from eqn.2.27., th: field equation in this region is,
VZA, =0
b Ly . ..‘_).Z}_L’i + A =0
z

2 %2 2y -
- *
and otz 4 vz + _@ifé’. =10
IXE 24> oz*

By assuming the solntion,

Ar = Xil, £)Yi(y) 2,(2)

tha general solutions for A. and A are:
ix 1z

A{ X = i f [(Gm ”f’/ﬁm + (omn ﬂzyzemj ) %f’ '/‘tﬁ(».".’-%df)&‘l:oymz

el Al + G 0p o) 3 -1 cas%Zj

&0 bo-

Az :.-.2; Zl ( Camnazp/ﬁ,;f-y-» . %pjﬁwfﬁo\/ééxwﬂw% 7z
+ (Gorespfony + Gy 09 ) 36X ) S}
eopfny + Cinn 2P ] .
- 39 -



2 z
where 6,,,~ = OXp ¥ Jaj'nz

Region 3. The kack iron region,

: The electromagnetic field equation in this region(eqn.2.28,)

£ the same as in region i - a Laplacian 2quation. The solution
will be ths same as in region 1, except with different constants C.

The general solution in this region is, :

Asx = Z_ Z_ (9 ﬁmj-ﬁ Qm%/fmo‘/)%éfmﬂ)&ﬂf
* (Q'M» &,’0/3 :7' "'GM Q«,\/’D]gnj) ‘07) 'Ww@MZ _}

AJZ = i i (C}'m ;j+ @»m 2 fé’m )J!? d{s’d*ﬁf)% P4
(: G.i.--,!'*;%-{vji+@L»%°ﬁ~7) 0 X )l

(2.30)

>

==
+

Region 2, The secondaiy conduction region,

The field equaticns in region 2 arc:

4. = + ¥, M, Moxe . SHez
VA /w[ﬁ;x s Ve (2 )J

(o 7oBx A M
Vlt%z =ﬂ0lgzz‘ ‘["( a:zx" é.:z +Vf 3;

In the above equations, A2x and Azz appear in both equations and

they are said to be coupled, which leads to problems in so’anb
these equations. This can be overcoms in a two dimensional analysis
i
by assuming that A2x is small and can be nszlected, only the A2
Z

component being considered. In a three dimensional analysis, the

A?x component is also considered and can not be neglected ( as

- /0 -



otherwise the analysis would be in two dimensions only). In order

té determine the solutions of the field equations in a three dimensio-
nal analysis, the darivative of AZx with respect to z is assumed

to be small when compared with the derivative of Azz with respect

to x., i.e. aﬂzx "<< 280
0Z. aX

The field equations in region 2 will then be reduced to,

T2,y = AS { Azx + Vy 2Axx _ Vz aﬂzz}

Iz OX (2.31.)

n

| , - BA?Z P aa:z
V Az =40 {-q!z Vx T W X (2.32,)
Bqn.2.32. contains only A2z which is ready to be sol.ed by the

method of separation of variables. But eqn.2.31. still coavains

both A, and A, . Its solution will be discussed later in this section,

Let, Aoz = Aux (X,y.z,%)
= Xz (x4 :.';:(Y) 222[2)

eqn.2,32, becomes,
o iy Sl
Yoz Yoz Loz * Koz Yoz Lozt Koz Voz Loz -

=0 { G (oz Yo Ter) + Vi KieloeLz+ Vy Yoc e Z”‘} (2.33.)

The supplied current is assumed sinusoidal hence all the field
quantities are sinusoidal in time,

The sclutions for X, and Z. are,

22 22
Kz (x, 1) = 2 2%p) Gtax-uwt)
=

Lypn = MCOSXMZ

ngz '.':-:J Oﬂzx).::
Xoz = rols Koz



and

%X:z = =)wXoz
Z:Z = - 5:-: Zzz
Substitute the above four squations iato eqn.2.33.:
(ot Yoz + iz - B Voz): YarZog = (e Yoz i e g 4y Yo s Z
T )f,z (U6 Vy) (=clit=Epm +)OBE=3usVeeln)Yaz = o

'7/2:. 7 d.nnnYz'z + dmnYaz =0

where dlml\ = -MG‘V)’

dawn = =otn =¥ +) U5 (W —Viels)

The genersl solution for Yzz is,
\{27_ - { Comn .9»‘5{? Elm‘ﬂ thaE:mn‘iH + Cizmn g,ypf-:..\,-lj Sih Elm-zj-}

and the general solution for Az? is,

Asz = X.az(ﬁ ) Yoz () Z>2(2)

&Mmgxu_ﬂ 2 CIZ)M SmEZM yﬁf\l) Lim QXF J(“!n)\"{d"[) ")
M e (2.34.)

where - dlmn
Ewm =~ "2

The field equation of A2x in th: secondary conduector region

is (eqna 3201

2 ' SAax A2z
V’Azx-w{vay_-ag s a;}

It is rewritten ia ths followin g form:

V Aox - uc{ﬁu +V ap;"} = “,ad\%f;_‘_ (2.35)



The complementary solution on th R.H.S. of th equation is assumed

to be as follows:

Aox = Xox (%) Yaxly) Zox(2)

: oo
and R s 3 mpj(oenx—wt)
N=-04
Loy 2 QindnZ
hence, )(_;; o "O!: sz

Z;:, = =¥ Zox

The above equations into eqn.2,.35. give:

( ohn Yox ‘*Xw Xmﬁ*)szZu MUKJNXNYNZ”‘ +V7X2¥)§x“""’ ﬂﬁﬁ
1e. [Ygx 4 )’2;{ -ﬂG’Vr) +(—dn —-b’m *JMG”))X?X}\ XZQX = —ﬂgﬂl\}?%zz\/{’-zx-az
7./23:’ + Y;xdimn + Yoxdammx = “hillezla: (2.36.)

Zax

where c:!mm = “MGVY
dzy.m = ~oln - i +:] RoLY

Aad Xox = KXoz

The complementary function for the solution of sz on th: R.H.S.

o' eqn.2.36. is:
(C’%:HHCOS E.'.?.mnr ‘H T domn SinEamn *H)MPEmn\lj

The particular integral of eqn.2.36. is:

- '\dn\Jz ZQZ-
(Ez?-nnz - E?.m%a‘) Z2%

(G:'I”‘“ CCSEJM!@ '+Gt;nm Si"E:mnz OXDF) h"”fj



where Eahn = "Cégun

N 4aimnx‘d l-;m
E:Zmnx -
. 2
and the complets general solution of A. is:

2%

0 Q0 \
Azx = Z Z [ (cq @E‘““"ﬂ o Gm.sinEmaxﬂ ) Sin KMZ_

M=) Nz

i \:} i \!2‘ (Cq:hh COSEIW\ZB + GD’MII E.r:-.n!.j )C@‘.&am ZJ]
Baie Famn |
'O)"‘PJ (ol x-m't) - .szP K nﬂ ¢3.3%F)



2.,10. Boundary conditinns and boundary eguations

The electromagnetic fisld at the boundary betweea two media can
- ~ ; . 32
be equated in terms of tangential and normal components” .
The equations for the tangential components, with a current sheet

between the two madia are:

H -H

1x 2x =-Jz

Hot=7J

and le TR x

see Fig,2.,10,1, and Fig,2.10.2..

In terms of magnetic vector potential E}

\ A1z - i ! OAaz ==T=

Aol QY bolln DY
NP S T
oy -+ Jx

and

-
Mo 1) olly Y

where suffixes 1 and 2 refer to medium 1 and medium 2 o spectively,

and Jx and Jz ars components of currsnt densicy betwsri. the twe media,
In the normal direction, the component of the flux Jz.sity Byl

in medium 1 should be equal to the normal component of the flux

density in medium 2 at ths boundary (see fig.2.10.3.), i.e.

gyl = By2

In terms of the magnetic vector potential Fx.,

Dfx _ Az _ dAx _ A=
oz X dz X

Sinee Ax and Az are independent variables, they can be written as

two equations,
A 1x - SAax
OZ Iz
DAz . OAxz
oX oX

and

“ hE



There are three defined regions, region 1, region 2 and region 3
(see Fig.2.10.4.) and one und:fined region, thc stator iron. Between
these regicns, there are three boundaries,

1. between stator iron and the air gap region( y=g)

2+ between the air gap and the secondary conductor( y =d )

3. between the secondary conductor and the back iron region ( y = 0).
Also, there is one more boundary coadition at y =-00 , where the
magnetic vector potential "A needs to be defined. The boundary

conditions at various interfaces are as Tollows:

Between stator iron and air gap region ( y = g):
The permeability in the stator iron is assumed to be infinite, so
bira b there is no normal component on the stator surface to be equateod,

The  tanzential components are,

Aix
”7&L “TREN ) i Y=gz (2.38.)

I _ 2 -
7(:_-@;& TedelZe) Yy=9&xz) (2.39.)

Boundary between the air gap region and the secondary condnebor
region( y =A-):

Normal compoaent are,

SRy . IAxx at y=§
oL azZ ' (2.40.)

bﬂlz = aAzz ot H = S

and T 3y X - (2.41.)
Tangeatial components ares. .
%%15— ¥ %%x_ 4 i (2.42.)
oAz _ A= of y=0 (2.43.)

Y Sy

o L



Boundary between the secondary conductor region and the back

iron region ( y = 0 ):

Normal components:

SAx . JAsx

az az at Y= 0
aAZZ 2 E?As: at y = 0
oX ox

Tangential components:

aag | aA?:t
aﬂx gﬂg oY at y =

| oAz .

2y TAE ey T
Boundary cond;tlons ay y = =00
Sin'ce the flux density is assumcd to be
AB:: =0 at y =
and ABz =0 at y =

w2 -

(2.44:)

(2.45:)

(2.46.)

(2.209.3

(2.48.)

(2.4).)
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2411. Determination ef the field quantities

In section 2.9., the magaetic vector potential ia the three
regions ( Il; Kz and 33) are obtainad in terms of constants C_
and C' ~ in six different equations (eqn.2.29., egn.2.30. and
eqn.2.31.). There are twenty two unknown constants in these equations
cl

(c C

: c 3 c ts et s C' LR R
Imn’ “2mn’ “3mn 12m Imn 2an

By substitution of these six equations into the twelve equations

¥
n and C 10mn ) .

obtained from the boundary conditions in the last section (eqn.2.38,

D Ssid ™ harmonic of the:

to eqn. 2.49.) and by equating the n®
sinﬂkz and cos&hz terms separately, twenty two equations can

be obtained(sec Appendix Al). The values of the twiniy two unknown
constants © can be evaluated frem lhese twenty two aquations., The
long winded manipulation of evaluation of these constants is not
shown in the thesis. However, after the counstants 5 Y..uve weon
determined and substituted back into eqn.2.29., eysr ..30. ad
eqn.2,31., the final solutions of tha magnetic wector sotential A

in the three regions are as follows:

- 50 =



Ax =

A w3 L5

/z\-: - (A:x, 0. A.-z)
A_z -"(A:ut. O. A:z)
.A'g, = (Asx, O;Aaz)

™3

—

n=-co

00 ﬁM(E nx“ammwtzmué) : s . %&mx W-wz‘)slfnz
Z [ [ ”5mx .5494/3"9-5)4-.:”:/»/3“@-5)] jﬁ: ﬁm . /1

- Yelmz (RQ)-£7) .gj/&,,f’?:y)-nw@x-wf) mé%zJ

m=

\/): Amx Aoz

e o]

ﬁm (Em.gz "Z'-:m: (bl"ﬂmzov} _ mé /Bm 9 )+ ) /5, & 9__ 5)1 Ho Lz @ir,f j@k—c_uz’)mﬁ;;;%
Ecnmz j Am,u /ery

m=! hz2-D0

(2.50)



s M [ 220 Ly (y-d) /?g,«,),%,,,,, 230 G -0iT) SndnZ

V nZ -J . - GU e - v/ i
“ ﬁm? ol [ﬁ’(’j)-/?(y)-ﬂ %(jif( é%smé/ﬁm‘(f—d'yw%zga/oﬂ%x wz,j}

r : .
Azz = f i 4 -WM.WJ@‘Nz)%%ZJ (2.51.)
i Loinz

- oo P [’ 3 .
A = Z Z { ém%@xﬁﬁﬂmgf/-é;mo;)‘gm%z —Wﬁ/@vé’#ﬁ) Vo B r%

M=l hz-00 S Z';,,,,,,- Lannx -flm X O\“‘A"’”z JfﬁEZmz 5 “dpmz

Emx (1. BD-B@ s X
Zimnx SirFamnid (/ '_"““ fm ”/5”1(} nyﬂvﬁ&y e3inz o) Einx-i?)

—

PR |
,%z ___,Z Z Z2imnz, Yo Gonz 6ﬂ5wy- 2):«1;} :{0}, %:@X—M)

———— —_____-'__--

Al wepo S Emad Guyd Lz (2.52)




4rele ‘5#“" = Lamnz

= (B~ £22) |
&""’X = Gfm@m *Eﬁwx ) = %m &oxﬂ
Famz = j (Brn iz -'-5‘,;) _ Bcume o, Ezmagj

r-'

A . Lvmnx S/*)Emml/ Lamax. 285,
"(_'7) &7&%5 E-m/),n #

,;. {ﬂ = Fi‘lbﬂz y/”f_mzy - 5/7’-92’ ﬂé}ﬂa;//
rlomezd - Lympz

Amn X I fmn (Eﬁmx-E-;M 12 >4 ’”‘5) Qbﬁfm j 0. r»‘—w&ﬂjﬁ”’ (?‘J)}

l Eiponx

-A)m 2= ﬁm (Bsmnz- Eﬁv‘”z[“’fﬁ’”’g Vbﬂ -.-*-»3”.2’; M( “J) b,
f [ AC Ping /&%ﬂ/ /{g f J
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2.)2. Magnelic flux deasity and nower flow

The magnetic flux density follows directly from the definition

of the magnetic vector potential A (eqn.2.12.),

B=yxRk

L
2.
oX
Ax
i.8. - ___a&_z
Bx S
f

-l _é‘_:.ﬂ}i g BAZ-
By OZ %

B: =%

Bach eomponent of i raquires ths differentiation of A amd A
o &l

with respect. {0 the thris co-ordinates x, y and 2. Since .ﬂ.x and ‘f‘z
are in terms of the Fowrler series, they can be differsantisted term
by term.
The net power t'low across ins air gap can be found by using the
Poynting Vector, where
P=EXH
The active power flow in the y direction is,

x *
H ~ HesE )
X i

> %
R’E(J wh. Az +dmﬁxaﬁ) (2.53.)

P =Re (B
y z

]|

1 1 e £ T P et A e : = )
The total powsr flow across the air gap from the primary to the



2.13. The thrss axis foreces

/
' The electromaguatic foree of the machine is found by using the

Maxwell's second stress tensorzg’ 3 !’. The forces gencrated on the
secondary conductor are due to the intersetion between the current

—

J , and the magnetic flux "ﬁpaﬂsing threugh the conductor,i.e,

F=UX3B

The total force generated is found by a volume integration over the

whole secoundary conductor,

F o= J('Jx'fs’)-d?r (2.55.)

<

The vector (._T—X '1-3'} can be written in the form of « ivirgence ol

another Tensor, T, i.e.

Substitute this into eqn.2.55. and by using ‘ne Dive.rg:..ce ™gorem,

gives,

1
P
.
o
<
=1
f -
jo N
<

F

i
o
o,
W

-

The volume integration becomes a surface integratisn, whove

___ A (thHy-HZ) ity Stz
VT | e Blmr) b
et Sy Ay )

and S reprasents all the surfaces enclosing the secondary conductor,

where the forces are produced.
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In finding the three axis forces, the choice of surface of the
in%egratian is quite arbitrary, so long as it encloses the secondary
conductor where the forces are produced. In this anslysis, the
surface of integration is chosen to be the same as the surface of
the secondary conductor, thus the exact force density can be found.
If some other surfaces are chosen as the surface of integration,
though the total force after the surface integration will be the
same, the individual force density on the chosen surface does
not represent the actual force density distribution on the secondary
conductor.,

In this analysis, only two surfaces, Sl and S,, are used as *the
surface of integration (sec Fig,2,13.1.), where

8, 1 y =8 - x/? £ x<£ Lx/?

S, y=0 L2 & z & Lz/'2

since in the mathematical model usad, ther:z is no {1~ Grogsing
the surface dx.dy (at z = LZ/E and z = <L /2 ) ard ths gurfaccs
)

dy+dz ( at x = Lx/2 and x = -Lx/2 )
From eqn.2,%6.,

F:J'ﬂ?d‘é’ =(F,F, *)

S:Sl+S2

The total three axis forces are:

5 5j#m@aa ~
51*52

ﬁ;JﬂHM@mw&
Sit5,



o= ] Lpubyh e
; Si"’sz

where Fx’ Fy and Fz are the time aver,ging forces in the x, y and 2

directions respectively.
Differentiating F with respect to x and z glves the force density

distribution function on the secondary conductor surface.

'F v
-B—x—é-i- :f(Xzz)
= (fx 1§y f2)
5-18 4 %IU.H:(HB l =0

: - M (—Hxl't' HS —-H;)

"

and 5-,‘ {—},{_Hxl"lj

f_‘j = A‘}l(‘Hxa'?HE"H;)

3.—.
3 : 2FHJHL Y=0

f.z = 'é/] HﬂHZ

In finding the three axis forces, the integration of T owenr Sl
and 52 is evaluated by numerical integration in this analysis. A
three-point Simpson's Rule is used to integrate along the :: and the
z directions,
F=| fxzdxdr
SiS,

r -_f(x,z)dxdz 4 chx,z)dxdz

4
Sy S‘.‘.

- £33 {Kr §o 7l KL $t 29D

ka] i,*"l

—
_—

@57)
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where I and K are the number of intevals taken along the x and
2z directions for the numerical integration.

and.
Ax = Ix/1

Az =Llz/K _
Xi = -L¥/ + AX-L
Zx “lz/o + AZ &

0N

KK = KK(&)

TR TENT
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2.,14. Roll, pitch and yaw couples

The equation for the moment is 2?

M=FxR

where R = (x, ¥s 2 )

The moment of a thin plate having a foree density distribution T

on the surface along the x and z directions is:

Jt?xmdxdz
e
= (Mr,”y,“p)

and My =J5(fy-z - fz2-y) dxdz
<f (% - fx.2) dxdz
Mp =ICJCx'Y - fv-x)dxdz

S

"

M

In this analysis, the total moments of the three rotational ceuples
arc found by numerical iategration, using the sare method to
evuluate the throe axis forces as in the last section. A three poirt

Simpson's Rule is used, thus

i

i
My £ i Z. IL-k-(fyixi, z0) Zi -l zg) Yoo ) el
My = Z Z IIKK- sz(Xa.,Z&) ‘Xi ch(XL,Z@ Zk)ﬂxé

i Z TT KK (el ze) Yie - 0 Z0)-X L DAXA:

i ( 2.:8,)



2.15, Induced voltase in the primary windines and the
/

constant voltage opzration

In thé previous analysis, a constant current source excitation
is assumed, and the primary resistancé and leakage reactance
were ignored. This section relztes coastant current operation
to constant voltage operation by means of the input impedance
of the machine, A basic circuit diagram is shown in Fig.2.15.1.

The primary leakage reactance is mainly due to the primary slot
leakage and the overhang leakage, thus, only these leakage reactances
are considered. The primary resistaace Rl and the primary reactance
X, can be obtaiued from the conventional equatiunAB:'Bs’Bé.

Rl';'fj_%_N‘“‘

=2 Nle ghns at %L (2.59)
1° @

where N = nunber of turns in series,
Lt = mean length of turn in cm,
and a = total copper cross-section of winding in 80u4ATre cm.
: /
J(1 = 2 n-f-Lc- number of coils per phase (2.00-)

Us NS (AL + 2 G ( L~ L))

N_ = number of turas per slot,

where L
c

s
Li = length of conductor in active zone,
Lh = mean length of a half turn, y
q = aumber of slots p2r pole per phase,
and A = slot ,p:nneancé ratio,

o Gl



The primary input voltage U,/b is,

v:'fp = LR +jI:>{.s + Vm/r&

whare Il = primary input current

( 2.61.)

V. = induced voltage in the primury winding.
The primary induced voltage is now determined,.
The voltage induced in the coil AB of the primary winding
( see Fig. 2.15.2.) is,
d
Vie = -N 5%
where N is the awnber of turns of coil AB

and qJ is the flux passing throuzh the coil AB.
r

Vis = -N& ! B-d5
. J

= *-'\r'g‘t.' (\:’Xﬁ)d.s
- il [(VXA)- d5
e

by Stokes!' Theorsm,

VAB =-_',wh! C'b Adz
A8

:.-_')wN Aa-dx + Az-dz ( 2.62.)
AB

where the path of integration iz around the coil AB shown in

] ~ b <. & | —

£1g.2.15,2,, S is the surface =snclosed by the coil AL d d i
’ ¥ 11 AB and d1 1is

the unit lensth along the coil 4B,

The magnetic vector noteatial AX aasd A_, where the coil ASB
is located, can be obtained by substituting,

e &g
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¥
v. 20
Z
and 2. =0
0

into eyn.2.50., that is, the stator is in a steady state condition
without any lateral displacement, and is travelling in the x directicen

only with a velocity Vx. The value of Ax and AZ would be in the

form of: o 3

Ax = Zl ;w Kixinn + 2205 @lux=ust.) - Sti¥mZ
2 by ()

A g_l Zm Kemn - axp) (onX-wh) - cos¥l.

where K and K are constants and depend on the machine
w=n emn 2C¢ COI s and depend on the machi
paremeters snd the machine dimensions,

By integraling ecn.”.e”, .n six different sections,
= mr: J A. ' d.-p-.
= =jwN J CA dﬁi +-ﬁ<‘diz 'l'ﬁ daa 1'31' d&+§d@s*ﬁdﬁé)

Since the c¢oil AB is symmetrical about the x axis, thus

[Adl = [Ads
JA-dL = jA-dl
Vig = L? (Axdi+Bed?) + ff LA'“,-_-J; " k_ (Fy-dxhzck
+|Az-dz
s

n

Vi

i
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& 0o

Vag = Z Z j(D?Kmn o 3 Ol XA stz -AX+2 B QJ(PJ(an"lﬂﬂlﬁ&Z
%0

=1 =
1 212 Z="mex-Xo) ~Cu

“'J (Kemn expy (x4t Yemd¥nZ Az

"‘Z : X= Ka=¥%

+ Qkxm -QXP_i (dn!-m—}.‘l Siiifm?dx +2 Kz}ml prj HNX“IJDGDSX}?I]
*4.' Zz=mX=-YXa)+Cs

+J C&nnmp,'mx-wt)cm(mz-dﬂ
'Q‘J"-' X= x.n"f)(l
The procedure of all the mathematical evaluations of the value
';AB is not shown in this thesis, but the final equation after the

ilategration is:

x
\I'AB = Z i ' 4 [l(maé'hdmm:);{mfl 'u"f?’f.szbﬂh)i’l rhsb?n&

M=l fz- (n ¥ )= ~A

-~

+dn-SnonXs Sth Ym % _!

'.j I'ﬂl(bﬂr[‘dhﬁhﬂ’ wCi+Adn ceetnX Cbsz},m pZ 'l'mymﬁ.l?b!h)'l-‘ i

. [ s k] g1

(2.63.)
where 17, = mXt -C,

-6/ =



VAB is the voltage induced in a coil in the primary winding
depends on its location, X along the x axis., When the primary
windings sre ssries connected, the totsl induced voltage per

hase is:
£ total no. of coils per phase

Vol Z Vs (Xa)
|

The total input voltage vi/b is directly proporticnal to the
primary input current Il by assuming a constant perm=ability,
The input impedance Zin can be found by the equation:

. n(3)
Zin = RK+)Xi + %

whare vin is a slip-dependent variable,

For constant voltage operation, the primary input current I

1
can be found by, \
R Vin
P

and hence the forces and the flux deasities at this particular
input voltage can be obtained since Il( Jl) is known,

Both forces and flux densities are evaluated using an arbitary
~urrent sheet density Jl’ and their values for a constant iaput
voltage can be obtained accordingly by the relationships:

Fog XF

-

B &< 1
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CHAPTER 3




CHAPTER 3, MICHANICAL EQUATICNS OF THZ LINEAR INDUCTION MOTOR

3.1ls Introduction

In the first chapter, the motions of the linear induction motor
in six degrees of freedom was briefly discussed. This chapter
explained how the mechanical equations of these six degrees of
freedom are derived. In the next section examples are given
in one degree of freedom in the vertical direction and when the
machine pitches, and they are discussed separately. Motion in
two degrees of freedom is discussed in section 3.3., and an
example is given( verticﬁl motion and pitch occurring at the same
time), in order to show how the mechahical equations of the machine
in more than on degrez of f{—eedom are formulated. In section 3.4.
the mechanical equations of six degrees of fresdom are discussed

and formulatcd,

3.2, Mechanicul equations for one degres of freedom

Fige3.2.1, depicts a l'near induction motor, the machine being
allowed to move freely in the vertical direction only, The electro-
magnetic forcss generated in thiz direction( y direction) can be
simulated in terms of mechanical components by a spring with stiffness
K,, and dash pot with damping coefficient 022. The mass of the stator |
is assumed to be concentrated at its centre of gravity. The mechanical
equation for this type of %ertical motion is usually represented in

the forng’jo,

- 68 -



/ 'm.y' t Cu), + Ku)/ = Fye_ ( 3:1.)

where Fve is the external force applied to the system, and in this
case,

Fye = mg

where g = gravitational acceleration

C,, corresponds to the rate of change of the force in the vertical
direction with respect to the velocity in the same direction,

K22 corresponds to tha rate of change of the force in the vertical
direction with respect to the displacement in the same direclion,

l.et

(i2= 25

o

i OF,
K2 =

ay

If the machine is not allowed to move in the y d.*eniss, buc

instead, allowed to rotate along the z axis, as shoia 1n Fig.3,2,2.,
the eleétromagneti: couple generated by the motor in this rotstional
direction can be simulated by a torsional spring and a 2ach pot with
stiffness coefficient Kbé and damping coefficient 066' This

rotational motion is represenicd by the equation:

Ir..éz + Ce.aéz-r KeeBz = Tre (o8a2.)

where Iz is the moment of inertia of the stator along the z axis,
6, 1s the angle of rotation( anzle of pitch),

and Tzn is the external torque applisd 4o the s stem.

In the configuration given, Tze =0

The stiffness and dampins coefficients, Kéi anéd C
= =4 - b ]

(e = TST?_

45 are defined as,

N



| %
and Kee = 36z

e
3¢3¢ Mechanieal equations for two derrees of freedom

In the previous section, the motioa for one degree 6f freedom was
discussed and the mechanical equations were formulated. ij the
same machine is now allowed to move freely in the vertical direction,
as well as to rotate about the z axis, the force zen=>,ated hy the
motor would be coupled together in these two degrees of fresdom,
In order to describe the mechanical motion in these two degrecs
of freedom, two simultaneous differeatial equutionz svs needed.

They are:

My (22 Y + Co6Bz+ Koy + MaeBe=Fre (2.2
and Iz‘g;fﬁzi!*ﬁéééz."' kay-r Ket Bz = Tze ( 3.4.)

The first equation representz the motion in the ¥ aireziion,
Compared with egn.3,1., two extra terms ars introduced,£EAEE and
k&gfﬁz « They are forces du2 to the cross coupling between the Lwo
degrees of freoadom, and {Eﬁ and }(ﬂ& are defined as:

C*“'glg’f |

the ratz of change of vertical foree ia 7 direction

with respect to the rotatioaal welocity in z direction.

- 0



and Kﬂé = 2 E Y
ofz

the rate of change of vertical force in direction
=

with respect to the rotational displacement about the

2 axis.

In eqn.3.4., there are also two extra tarms, KAZY and CAZY &
They are the torque generated along the z axis due to the disglacement
of the machine, and dve to the velocity of the machine moving in the

-

y direction, They are defined as:

Kez= 212
3y

and ; aTz

Coz =
Tie two simultanecus differeatial equations(eqns.3.3, and 3.4.)

2en be rewritten in matrix form as Collow:

rnfL a ;/. Caa Cu.] : \;' K2 K%T Y Re

!.Q Iz az i Le CA6J Q 3 Kea Kesj‘ Br = Tze
or '

MR« CIR) + IR = [Fd ( 5.5,

whers [M] is the mass matrix including the mass of the machiqe
and the moment of inertia,

[Clis the damping coefficient matrix,

[K]is the stiffaess coefficient matrix,

and R1is the positional matrix.

w7



3.4. Mechanical equations for six degrees of fresdom

=]
Lind

In order to describe the mechanical motion of the stator in six
degrees of frezdom, six simultanecous diffsrential equations are

needed. It will be of a form, similar to egn.3.5.:

MR] « [R] + [HR]

where [

n

[Fg] (1346,)

»

mo oo oo]
S emA e 80
Ml =loomo oo
o0 0TIx00
0000T0
o000 0065

¥ 1

IR) =[x, vy, z, 6x,6y, 0]

[c]
[k
[Fe]

C'L.‘ » & 6X6 damping coefficient matrix

K"--.] » & 6X6 stiffness coalficlent mairix

[er, Fy& ,er v Tm,Tye..Tza]

and.

< m is the mass of the stator,
Ix’ Iy and Iz ars the moments of inertin of the siator
along the x, y and 2z axes,
G ey and 8, are the anglesof rotation along the x, y and
z axes, l.e. anzles of roll, piteh and yaw,

(‘., - JFi the ratz of change of force or torque in the
3

IRj

lt}h

direction with respect to the change of velocity or

angular velocity ia the jth directica,

= T2 ke
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‘GJ._-_ AFL the rate of change of force or torque in the
AR
ith direction with respect to the change of the displacement

.th

or angular displacement in the j direction,

[Ki[R] are foreces or torques which generated due to the changes in
the position of the stator, and [CJ[%] arz the forces or torques
which genzrated due to the changes in velocity or angular velocity
of the stator in six degrees of frsesdom,

[n order to relate the three axis forces and the three rotational
couples to the apalogous .mechanical vibration system in six degrees
of freedom, all the lurces and the rotational couples have to he
evalualed for different stater sositions and diffsrent velocities.
From the defiaition of Kij’ dirferentiating the electromagnetic
forces or couples Fi wilh respact to the displacemeat Rj gives the
stiffiess of bthe analeecus michanical spring. Similarly,
differentiating the lorces or couples Fi with respect to the velocity

&
Rj gives the damping coefficient of the analogous dash pot.
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CHAPTER 4, THEORSETICAL RESULTS

beloe Introduction

In this chapter, theoretical results are obtaiased for the test

machine, a specification of which is given below,

length of stator lx = 0.53m
width of stator lz = 0.08m
air gap length By = 0.01m
thickness of the track . =0, 003175m

conductivity of the track 6 = 35000000 S/m

supply frequency § = 350 Hz
number of phases qQ=3

current shest densitiy Jl = 45000 A/n
pole pitch p = 0.113m
synchronous spced Vﬁy = 79m/s
width of overheng wiviing Wo = 0.04n
width of coroactor b = 0.2/m

The length between adjacent machines in the x direction, must
be sufficicntly long to avoid interactions betwesan machines, as
explained ian seciion 2.3.. A length of Lx = 1.25m, proved sufficient.
The distance betwsen sdjacent machines in the z direction should
be the same as the track width, [n order to avoid indeterminate
valuss in the double Fourier Series 6f ths form 0/0 in tle computer
prograuming, Lz was made slightly smaller than the actual width of
the conductor, so that it would not be in an integral multiple of

1, L = .2395 was chosen,

z? Tz

All the calculations were based on the values: .

B = 0.01n
zo = 0.0m
ex = 0.0 rad,

S19E -



By = 0.0 rad.
0; = 0.0 rad.
v, = st s m/s
Vy = 0.0 m/s
V,=0.0 n/s
and 9= wy =, = 0.0 rad/s

unless otherwise stated.

The machine was assumed to have half-filled end slots at both
ends 4 lxl and 1x2 were taken as:
1x1'= 0o48m
1}(2 = 0.313m

The number of terms used in the double Fourier Series in the x and
% directions were,
N==21 to +21

M= 0 to +31

It

instead of N = -o0 to + 0o

ard M= 0 {0 +eo

which allows space harmonics of 21 terms in tne x dirsction
and 31 terms in the z direction to be considered.

In the numerical integration of the total three axis forces and
the three rotational ccuples( see ssctions 2,12, and 2,13.), the
numper of intervals taken in the x and z directions weres

I=51

and K =25

&~
Carter's Coefficlent3)’36’37 was used for the determination of

the effective air gap length of the machine.

_ SP(5z + sW) .
Seffective = SP(5g+5H )—5n% 8




where g is the actual air gap length,
/ SW is the 5lot‘width
SP is the slot pitch.
The values of SW and SP were assumed to bet
SW = 0.011m

and SP = 0,01667m

All the results were computed by using the ULCC CDC 7600 computer.
The graphs of the flux patterns were plotted by using the hardware
package DIMFIIM., The threec dimensional plotting of th: flux and
force distributions were plotted by using the hardware package
SYMUV( see University of London Computer Centre users guide and
DIvFIIM users guide). The language used is FORTRAN. The conouter

programs are ‘includea in Appendix A3.

4e2. Flux and foree distributions

The flux density and force density distributionz of thé machipe,
with the given dimensions and parameters, are pioites in Fige/e2ele
to Fig.4.2.6., The first three diagrams show the thres compunents
of flux density B, i.e. By» By and B, ia th air gap at y=0.003175m,
with s = 1.0 and s = 0,2, Fig.4.2.4. to Fig.4.2.6, show the three
axis force distributions oa the secondary conductor shset with
s = 1,0 and s = 0,2, All the graphs wers plotted on the x-z plane
between,

=0.75m £ x £ 0,75n

-0.lzm € z & 0.12n
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The total three axis foreces at s = 0,2 were,
Fx = 5.9N
F_= 32.0K
¥ 3

and F =0,0N
2

The latersl force on one side of the machine, th, was found by
integratioa of fz over half of the secondary conductor plate, between
~0.7m<£x < 0.75m
O.0m<€ z2<£ 0.12m

= 1.5H.

and th

The three rotational couples were,

M =0.0 N-m
r

My = 0,0 Nem

M =005 N-o
o m

Since the machine is placed in a symnetrical position, the moments
of roll and yaw are .ern,

The power flow acrece the air gap at y = .0C527m was plotted in
Fige4e2.7.. It represents the real power flow across the air gap.

The: total power flow acrous the air gap was,

1
(9]

355. MW at s =

737.00d at s = 0.2

1]
1l

P
y
and P
b g
Fig.4.2.8, shows the flux density distribution By along the x axis

(z = 0.0) with varied slip s at y = 0.009175m
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Lo3. Flux patbern seross the air gap

Fig.4.3.1. to Fig.4.3.11. show the sections of the three dimensional
field distribution in the air gap, secondary conductor and the back
iron regions. These flux distribution diagrams were plotted by
contouring the Az compenent between,

~0.2/mg x £ 0.2/m
-0.026/n € y £ 0.01375m

and at 2z = 0.0m.

This was only bossible for z = 0.0m since,in this case, one component
e B is equal to zerc;fBz = 0.0). The flux patterns wers plotted
at t = 0.0 and from s = 0.0 0o s = 1,0 at 0,1 slip intervals,
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L&, Electromachanics] stiffaness coefiicients

The three axis forces and the three rotational couples are plotted
ip Figeldedele, with the variation of differeat posilions of the
stator., There are .si.x '.'ari.ables?i, for thes vertical axes on the
graph(Fx, Fy, F oy M, My and M ). They are plotted against the
. variables of another six variablss E&(xo, Vo2 2 ex’ ey and Gz)’
on the horizontal axis, In order to complete the variations of _FTi
with respect to each of the variables Of_R?i’ 36 graphs are required.
They are presented in a form of a six by six matrix,

The plotting of each graph in Fig.4.4.l. i.s?i against _I'lj, where
i is the number of row and j is the number of column of the matrix.
The dotted lines represent forces or couples or half of the secondary
conductor;

z2=0.0 to L/2
and  x =-L /2 to L /2
Since they are of the same magnitude and in cpposi+s Aivection on
both sides of the conductor plate, the tcial net fo. ..a .ud souples
on these grapns would be zero,

By differentiating the variables oa the vertical axis ?i’ with
respect to the variables on the horizontal axis .-Ffj, glve tle
electromechanical stiffness coefficieats, as defincd in zection 3.4..

When the machine is in a steady state and a symmstrical position

(Vy: VZ'—' Bx= B}': ez= 0.0), the electromechanical stiffness coerficient

matrix is: : y
0 =200 10 0 0 25
0 667 0 0 0 =40
0 0 =13 ~35 0 0
0 ‘0 0 42 0 0
0 0 0 A 0 0
_0 60 4 - 0 0 2
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The values on the diagonal of the stiffness coefficient matrix
represent the individual stiffness in six degrees of freedom when
there is no coupling, The negative stiffness represents an unstable
states As explained in section 2.6., there is no electromagnetic

effect when the stator is shifted in the x direction, thus
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4e5. Electromechanical dampine coefficisnts

The three axis forces and the three rotational couples are
plotted in Fig. 4.5.1. in the form of a 2ix by six matrix. Each graph

represents the variation ofi?; against éj’ where i is the number of

row and j is the number of column in the matrix, and

Fi i =16 = (Fx Fy fz, m" My,ﬂz)
-:F;: =tk -'-'(\fx,Vy ,\]z.,mx}.ﬁy,tbz)

e |

By differentiating the variables on the vertical axis Fi’ with respect

—

to the variables cn the horizontal axis ﬁj’ give the electromechanical

damping coefficisnte,

i.24
AaFcl
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4s6. Relationship betweea input voltage and constant current

execitation

As described in section 2,15., the equation to relate the constant

primary current excitation to ths input terminal voltage was,

Vi = LR +iX) + VihlZ

By substituting the following parameters,

G » conductivity of copper = 5.9% 107S/m
Nt’ no. of turns per phase in series = 400

lt’ mean leagth of turn = 0.44m
cross-section of the copper wire = 0.00000177m2
5P, slot depth = 0.0/m

and the parameters given in seetion 4.1. into egn.2.59. and eqn,2.40,
Rl and Xl wzre found to be:

Rl = 1,58 g2

Kl = 31,2 S

and tie priuary impedans> wass

2, =324 £ -89 a

The total induced voltage of the primary windings With variation
of slip was obtained from 2qn.2.6l.. This was added vectorially

to the primary resistance and leckage reactance voltage drops,
to give the total terminal input voltage(see eqn.2.60, ),

The iaput impedance is plotted as shown in Fig.4.6.1. in order to
relate the magnitude of the terminal voltage to the magnitude of the
primary curreat at varisd slip,

As an example, the voltage induced in the statop wihdings 1s
caleulated at s = 0.2, Fig.4.6.2. shows the loecation of one phase
of the threz phase windings in the stator. The corresponding vnltage

induced in these coils weres



vV, = 12.53 £.56.8°
V, = 15.82 /. 85,8°
V, = 25.93 £58.2°
V, = 27.50 £88.3°
V, = 29.50 £ 61.8°

Vg = 29.85 £.92.1°
28.83 £ 64.7°
27.85 £.95,3"

v

i

7
Vg

wheu J; = 45000A/m or I, = 5.68 ( for experimental results,
see Chapter 5).

The input primary negative yellow phase current was taken as
the reference phasor, since the coil wiih the yellew phase current

supply is situated at x = 0.0,

The total induced voltage ig:

8
Vo =) Vi
Vin iz = 190 /76.3°

for a series coanection, the terminal voltage is:

\/i[p = I.(E; i‘JX:) + VIN/JZ

=208 2£79.0°
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CHAPTER 5, EXPSRDENTAL RESULTS - STATIC TEST

5ete Introduction

The purpose of the cxperimental test is to verify the theoretical
results obtained in the last chapter. The tests include the
measurement of the three axis forces and the thres rotational
couples, terminmal voltages and the measurement of the Tlux densities
at varied parts of the machine,

The experiments were carried out in two parts - static and
dynamic. This chapter will be devoted to the static test only,
the dynamic test arrangemeat and results being discussed in the
next chapter. The static tests were performed in order to verify
the predicted flux derurty distributions along the loagitudinal
and traaverse axes, and the forcus devaloped at standstill., The
dyramie tests were carried out in order to give additional experimeatal
results to corielate with the predicted three axis forces uader
dynamic eonditions,

The ceonstruction of the apparatus and the wethod of force

measurements will be discussed in « later section.

5.2« Daserintisn of the static tost LIM

The machine under test was a single sided linear induction motor
withoul back ircn, and was desigasd to have a maximum s}nchronous speed
of 28%km/h( at 350 Hz). Th2 mashise was supplied by a gzensrator of
oKVA, 7.5A, 450V, with wariabls frsgueacy controle

Full details of stator dimensions are given in table 5.2.1. and

= - 908 3



. diagrams of the stator are shown in Fipg,5,2.2,

TABIE 5,2,1, STATIC TEST MACHINE DIMENSIONS

stator width 0.08m

stator leagth 0.55m

core depth 0.038m

slot width . 0.013m

slct depth 0.038m

slot pitch 0.019m

number of turns 50 turns per coil
rotor conductivity 35000000 S /m
width of overhang windiag 0.05m

pole piteh . 0.113m

nunver of phase 3

syachronous spa.d 285km/h

windirg 2 slots p.p.p.p.
slot type open

The stator wae 80mm wide, aud comprised of 126 sheets of laminated
iron, each of 0.63mn thick, The laminaticas were pressed together
e.nd secured by six bolts., The rotor conductor sheet was made of
aluminium of 3.175mm thick, &0mm lomg and 2/0mm wide.

The machine was supported by four bolts to allow different stator
positions in roll, pitch and vertical displacement by ad justing
the positions of the loek auts to give different air gap lengths
betwesn the stator and the 20:ductor plate. The yaw and lateral
digplacements were achieved simply by rotating the whole stator,

or by moving the stator ia the lateral dirscticn respesctively.
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5.3. Force measurement techniguss

In order to measur=z the three axis forces and the three rotational
couples under static coanditions, a mechanical system using strain

38

gauges was desigaed., The basic principle” of strain gauge measure-
ment is that a material is subjected to stress, which causes it to
stretch by a small amount, and changes its resistivity. The amount
of force applied to th: material is thus related to the electrical
output signal. The arrangement of the force measurement system is
shown in Fig.5.3.1,.

The measurements were taken from the secondary conductor plate
instead of the stator. The conductor plate was firmly fixed to
and supported by three square aluminium bars, 823, B45 and B67'
an additional bar B1 was attached to 567 through a double row
self-aligning bearing.

1wo pairs of strain gauges were attached to the four surfaces
ot each bar, vhich enable forces to b measured in the y and 2z
directions, The positions of the strain gauges in *he three horizontal
bars are shown in Fig.5.3.2.. The strain gauges were fixed oato the
pavs 1n pairs, one pair( gauges A and B ) on the top and boitom
surlaces for measuring forces in the y direction, and another pair’
\ gauges C and D) on the other surfuces for measuring foreccs in the
z direction. This arrangerent will give independent force measurement
in both y and z directions as well as temperature compensation,

The total three axis forces will be the sunration of the three axis

forces measured from each of the aluminium bar,i.e,

=3

B -

x 1
Fy = F2 + Fs + F7
Fz = F} . F‘i & F6 i ( 5:1.)



The three rotational couples will be the differences in foreces
measured from each bar, and then multipled by the distance between
the corresponding bars,i.e.

— P - .
Mx ( 5 F2 ) I'1
M =(F,+F, -F, )L

M, = ( F,-F, 4 T )-L2 { 5.2.)

5

The self aligning bearing was introduced between bars B1 and 567’
in order to separate, or at least to reduce, the coupling between
the three axis forces and the three rotational couples in the
measurement system, so that they are independent of each other,

The rotor sheet was connected to a framework by means of bars Bl’
323 and 845. .Bar Bl was solidly fixed to the framework, while
buvs B,

23
retel plate( see Fig.5.3.3.). The metal plate was flexible in

and st were fixed to the framework by means of a thin
+

the x direction, so that the forces in the x direction would be picked
up by the sirain gauges in bar Bl only,

A1l the aluminiun bars carrying strain gauges wers 25cm. long
and 1/2 inch squars cross sectional area. They were designad to
carry a m&thnﬁ loading in y and z directions of 50N( maxiawn
vield 510 microstrains). The strain gauges were single.filament foil
type,having a resistance of 12042 each and a gauge factor of 2.0,
The locatioa of the strain gauges was 3.0cm away from the .
secondary conductor, giving a change in resistance of 0.096 L
in the corresponding strain gauges when a fores of 50N was exerted
at the end of the bars in corresponding directions,

In order to convert th: signals from the strain gauges to a
measurable level( there was only a chaage of 1608V in the strain

gauges with a 10V d.c. supyly and 1IN of force exerted at the end of
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of the bar), a d.c. amplifier was built. The circuitry was designed
to include the multiplier, summing and invertins operational amplifiers
( sece eqns.5.1. and 5.2.), so that a direct reading of the three

axis forces and the three rotational couples were possible,

The basic circuit is shown in Fig.5.3.5., and it can be divided
into four stages. The first stage of the amplifier is in the form
of a typical Wheatstone bridge but opsrates in an unbalanced state.
There ars seven Wheatstone bridges for the seven input signals(Fl to F7)
and each bridge carries a pair of strain gau;es(Rl). Any changes
in resistance in ths strain gauges are picked up by the voltage
followers. The Wheatstone bridges are supplied by a stablized
d.c. regulator of * 2.8V,

The secoud stag: of the amplifier is a voltage follower. The
voltage [ollowers are included in the circuit for impedance matching
purposes. They have an overall gain of -1 with a high input
impedance and low output impedance,

The third stage of the amplifier includes inverting operational
amplifiers. They have an overall gain of -1,

The final stage includes the summing points and the output
anplifiers, The summing points are connected according to eqns.5.1.
and 5.2.,through the iavertor stage if necessary, for addition and
substraction purposes. The overall gain of the final stage amplifiers
can be up to -1000, depending on the feedback resistors Ré. The
resistors R, ars IMS2 variable preset type, so that the final output
voltages can be adjusted and calibrated as a direct readout in N
or N-m of the three axis forces and the three rotational couples.

The supply for the d.c. amplifier is a stablized * 12V dual output
voltage regulator. The wvalues of the components used are:

B'.I. 2 strain zauges, 120() nominal.

R, : multiturn preset resistors, 2.2k.02
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input resistors for voltage followers, 2.2k

R4 : input resistors for iaverters and final amplifiers,lk€l
R5 H feeaback resistors of iavertors, p eset type, 1k
Ry ¢ feedback resistors for final amplifiers, 1ML

bias resistors, 1k

4

input resistors, preset type, 1kfd

The output voltages from the final stage amplifiers are connected
to six digital voltmeters, which enable ths three axis forces and
the three rotational couples to be measured simultancously.

After the amplifier was constructed and tested, the output voltapes
were found to have ¢ sristantiazl noise level, In order to eliminate
the uawanted noise signals, a low pass filter -consisting of a simple

R=C nircult, wes added to each ~. the final stage output amplifier.
The output voltages w2 adjusted by means of the feedback resistors

Ry, and using dead weight, calibration.

The overall static test setup is-shown in'Fige5.3.6. and Fig.5.3.7..
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5¢4e Experimental results - static test

A description of the machine and the method of meaéurement has
been given in th: last section., The mackine was tested statically
with a constant current supply of 3.454 at 350Hz( equivalent
current, sheet deansity J1 = 24500 A/m). The same current was
maintained throughout the test in order to simulate the constant
eurrent excitation in the theoretical model. The three axis forces
and the three rotational couples were measured with different lincar
displacements and different angular displacements. The results
were'plotted in Pig.5.4.1. in the form of a six by six matrix.

When the machine was in a symmetrical position, the forces
generated In the secondary ccndictor were also symmetrical about
the x axis and 1deatical on hoth sides of the conductor. ‘hough
there wers changes in F o Mx and Hy on each side of the conductor
when a variatiove in certali lineav or angular displacements occurred,
these could aot be measnc~d experimentally. In the theoretical
computation, the forces and couples can be evaluated on one half
of the rolor only. Some forces and couples have equal magnitude in
both halves of the machine but ach la opposite directions, thus
cancelling each other, Jhers were no net changes in L Mx and My
with the variations of g Vo ard Bz.

The values of My and Mz are toc small for measurement with the
variations of the three linear displacements and the three angular
displacements., No accurate reading could be obtainzd and they are
not included in Fig.5.4.1.. However, it caan be seen from the
theoretical results(fig.4.4.1.) that the values of M& and M are

also small,
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By differeatiating tie curves ia Fig.5.4.1. with raespect to the
variables in the horizoatal axes( see section 3.3.), the experimental

stiffness coefficient matrix was found:

F b -y
0 83,7 .22 2.3 255 0
(8] 863 16,0 1.5 0 12.3
[K] 2 0 0 1.6 2ea2 0 0
0 0 6.28 55 0 0
0 0 0 0 -.75 0
0 0 0 0 0 0]
at s =1,0
v, = 0.0m/s
¥ = 1.Ccm
8 = 0.0cm
and ax = ey = ez =0,0 rad.

The normal force Fy and traction Fx were also weatwed at  supply
frequencies of 50, 15C, 250 and 350 Hz. The variztions of thess
forces against freguency are plotted in Fig.5.4.2. and Fig $.4.3..
Results in ®ig.5.4.2. wers obivained with a constant current supoly of
3.5A and an air gap length of 1.32cm, the results showa in Fig.5.4.3,
were obtainsd with the same current supply and an air gap length of
1.0cms Theoretical reéults are also plotted on the same graphs
for comparison purposes.,

Terminal voltages wers also measured with diffarent subply frequeacy.
Both theoretical aad experimental ressults ars plotted in Fig.5.4.4
together with the corresponding phiss angles, The theoretical resulis

wore obtaised from eqn.2.6.1. in sectiva 2,15,
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[ndividual terminal voltage of each of the red phase windings were
also measured at 350Hz. The location of each coil can be refersd
to 'ig.4.6.2.. Both theoretical and measured values of the terminal

voltage are listed below,

Terminal voltage Theoretical experimental
Vl 18.3 2151
v, 20,2 23.2
V3 23.4 2545
.6 . -
V4 24 25,2
Vs 23.8 2.2
V6 24..6 22,6
v, 23.5 23.0
Vg 23.7 18,9
total voltage 16C.0 182.0
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5.5 Flux measurements and results

The air gap [lux densities were measured by means of search coils,
Three search coils ﬁerc used and wound, such that their axes were
mutually perpendicular to each othef. Fig,5.5.1. shows the arrange-
ments of the three ssarch coils. Ideally, the area of the search
coils should be as small as possible, and large enough to produce
a measurable signal for the flux deasity expected. Search coils of
area 0.36cm2 and with 13 turns sach were used, suck that they would
produce an induced veltage of 0.72nV for 1mT at 350Hz,

Due to the constructicn of the search coils, in practice, it was
difficult to ensure that all the search colils were of equal area,

To overcome this, a [} -core was made having-a 2em g1 gap length

and a 3.8 2,0 cm cross section, This produced a iiown

flux density across the 2em gap, acu the induced voltages in the
search colls were calibrated against the kao.n fl.ii vuueit, produced
by the O -core. Fig.5.5.2. shows the search coils rnd {2 -.core
used for the flux deusity calibration,

All the flux density measurements wsr: carried out wibh cons.ant
current supply of 3.5A(2450C.0A/m) and 350Kz, unless othorwise stated.

Fige5.5.3. shows the flux deasity distribution along the z exis
with an air gap length g, Of 1.0cms The flux measurements were
taken at the middle of the machine( x = 0.0cm). Theorstical results
aré also plotted for comparison purposos.

Fige5.5.4. shows the flux density distribution along the z axis
and air gap length 8, = 2.0¢n, |
. Pige5.5.5. shows ths flui density distributiocn along the z axis
with air gap length gy = 1.0cm and lateral displacement G, = 3.0cm.

Fig.5.5.6. shows the flux density distribution aloag the z axis



with enaverage air gap length 8, = 1.0cm and angle of roll,p =.0333 rad.
fig.ﬁ.ﬁ.?. shows the flux density distribution alonz the x axis
with angle of pitch- 93 = 0.0182 rad, and z = 0.Cem. ( with 2z = 0.0,
there is no Bz compoaent, )
Fig.5.5.8. shows the flux density distribution along the x axis
with z = 0.0, and air gap length By = 1.0cm.
Fig.5.5.9. shows the flux deasity distribution along the z axis
with air gap length g, = l.0cm and supply frequency 150Hz,
The phase angles of Bx’ ?y and Bz were measured with supply frequency
f = 150Hz, They are plotted in Fig.5.5.10, Theoretical results

are also included for comparison purposes.
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CHAPTER 6




CHAPTER 6, EXPERIMENTAL TESTS AND RESULTS — DYNAMIC TEST

6.1, Introduction

The threc axis forces and the flux densities of the machine under
static conditicns are verified in the last chapter. This chapter is
included in order to give additational data to correlate with the
predicted flux and forces generated by the machine under dynamic
conditions,

To facilate measurements in case of a LIM under dynamic conditions,
a continuous motion is required. This can be achieved by the
construction of a rotating drum to produce a continuous moving track.

The arrangement of the dynamic test rig and machine will be
diccussed in the later section. Details of t2chnical data and a

drawing of the test rig are also included for futher references.

6.2, Degeription of the dynamie machine and test »ig

The LIM used in the dynamic test is basically similar to the static
tost machine described in Chapter 5. The main difference is that
in tvhe later case, stalor hus been made in the form of an arn shape
in order to match the curvature of the secondary rotating track ( see
Fig.5.2.1,). Due to the limitations of the labour and manufacturing
cost, it was impractical to make the stator core to the exact
curvature required, The problem was overcome by making the stator core
from several sections bolte§ together with two steel plates in order

to form an arc machine( see Fig.6.2.2.). By using six section, it



was found th;t the overall error did not exceed 0.5mm with respect

to the curvature required. The dynamic test machine is shown in
Fig.6.2.3., The stampings wers obbained from Linear Motors Litd.
'Standard A LAM 6Jmm NEWCOR' type laminations were used,126 laminations
being used in each section, stacked to form an overall width of 8em and
bolted together with two steel plates, Each bolt was insulated from
the steel plates by non-conducting bushes, in order to avoid any
circulating eddy currents which would distort the magnetic flux

inside the stator core, The stator windings were identical to

those of the static test machine, 50 burns per coil with 5/6 slot
piteh and 2 slots per pole per phase.

Fig.6.2.4. shows the full assembled tost rig. The diameter of the
drun vas initially desizned to b2 1.5m in order to achiere a
perpheral speed of 229km/h(1000rev/min.). A smaller diameter
would require a higher angular velocity for a given track velocity
and vice versa, The rolacing drum is constructed with non-conducting
and non-magnetic materiale! mninly fibre glass and wood) in ordsr
to mininize any unnaccesary electromagastic interference with the
aluninium track,

The drum consists of three pieces of plywned, which are bolted
together with six steel plates and two flanges, A layer of thin
birch plywood is attached to the edges of the plywood dises and
covared with fibre glass to form the drum surface, An aluminium
track  1/8" thick and 24cm. wide is shruck on the surface
of the drum and secured with epoxy resin adhesive, The shaft of
the drum is supported by three bearings and coupled to a 10 H.P.

D.C. driving motor through a flexible coupling, A conerste blaock
was coastructed specially by the (Civil Eagineering Dapartment to
give a suitable firm base support for the whole structure,

The sectional drawing of the tast riz is showun in Fig.5.2.5..
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6.3. Force measurement technigues and results

The three axis forces wers measured by using the same system
described in seciion 5.2.( siatic test measurement). The basic
setup of the dynamic force measurement system is shown in Fig.6.3.1.

The forces were measured from the stator. The stator is clamped
to the end of the three aluminium bars by means of clamping plates
so that the air gap length and the position of the stator can be
adjusted. Bars B23, 845 and 367 carry strain gauges which pick up
forces in the y and z directions ., Bar Bl is joined with bar B67
through a self aligning bearing, which picks up forces in the x
direction.( See section 5.3, for the description o the force
measurement system in Jetail, )

Due to the heavy mass of ibe stator( 28 kg), a counter weight
system is nécessary to balones the gravitational force of the stator.
The clator is hung on the top of the drum by means of pulleys and
counter weighi; so 2« L. reduce the initisl stress in the three
aluminium rars B23, Béﬂ wnd 367' A thin perspex plate 3mm thick
is fixed between the stator and the rotating aluminium surfazce in
order to vliminate any aervodynamic drag force due to the moving
conductor surface. The amplilier used in the stubic test was
recalibrated so as to z2t a direct readout of the three axis forces
and the three rotationul couples in the dynamic test,

Fig.6.3.3. and Fig,6.3.4. show the tracticn force and levitation
force(l"x and Fy) against slip s for a 50 Hz constant current supply
of 5.04, and C 1.Ccm, -

Fig.6.3.%, and Fiz,6.32.6, show the traction and levitation forces
against slip for a 150 Hz constant current supply of 5.0A, and By = 1l.em,

Fig.€.2.7. and Fig.6.3.8. show the traction force and the levitation
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force against slip for a 50 Hz constant current supply of 5.CA and
g, = l.5cm,

Fig.6.3.9. and Fig.6.2,10, show the traction and levitation forces
agalnst slip for a 50 Hz constant voltage supply of 54.4 volts, and
8 e 1.0cin, The phese current was 5.0A at synchronous speed,

fig.6.3.11, shows the three axis forces(Fx, EY and Fz) against the
lateral displacement z, for a 50 Hz constant current supply of 5.0,
(o 1.Ccm and s = 0,4,

Fig.6.3.12, shows the traction force Fx and the moment of roll against
the angle of roll 6, for a 50 Hz constant current supply of 5.04,

g, = l.2cm and s = 0,4, |
Fig.6.3.13. shous tne noment of yaw My against the angle of yaw
qy; fur a 50 Hz constant current cupply of 5.04, 8, = le2cm and s =.4,
. Fig.6.3.14. chows the momout of pitch M, against slip for a 50 Hz

constant current supply of 5.04 and gy = 1eOcm,

Fig.6.3.15, shows the scmont of pitch Hz against the angle of pitch

€, for a 50 Hz constur’, c.rrent supply of 5.CA, €y = l.2em, and s = 4.

Fip.€316. shows the tracuion force and the levitation force against
the angle of piteh for a 5C - constzat current supply of 5.04,
8= 1l.2cm and s = 0.4.
Fig.6.2.17. shows the traction and levitation forces Fx and Fy
against the air gap length g, for a 50 Hz constant current supply
of 5.0A and s = 0.4,
Fig.6.2.18, shows the traction and levitation forces against the
air gap length &, for a 150 Hz constant current supply of 5,04 and
8 = 0.7, ' ;
Fig.6.2,19. shows tke measursd Y-phasz angle and current against
slip for a 50 Fz constant voltage supply of 54.4 volts and 8, = 1.0cm,,

and Flg.6.3.20. shows the correspending power factor,
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6.4, Flux measurements and results

The air gap flux density wers measured by means of search coils.
Three search coils were used and they were wound such that their axes
were . mutually perpeﬁdicular to each other., Fig.6.4.l. shows the
arrangenent of the search coils used in the dynamic test. Due to
the limitation of space available between the moving coanductor and
the stator surface, the search coils were made thianer than those
used in the static test. The perspex used to eliminate the aero-
dynamic drag effect was adiusted to have the same curvature as that
of the drum surface. The search coils were mounted on top of the
perspex, and the position in the air gap was adjusted by the pulleys,
80 that they could move in the » and z directions. The search coils
were calibrated against a uniform known flux in the three axis
directions. Figs.6.4.2, and 6.4.3. show the search coils mounting.

Fig.€.4.5. shows the flur density distribution along the z axis
1or a 50 Hz supply of 5.0A,.g° = 1l.2cm and 8 = 0,0,

Fig.€.4.6. shows the flux density distribution along the x axis
foi 2 50 Hz supply of 5.0A, 8, = l.2cm and s = 0.0.

Fig.6.4.7. and Fig.6.4.8, show the flux density distritmiion along
the = and the x axes for a 50 Hz supply of S.OA,.go = 1,2cm and s = 7,

Fig.6.4.9. and Fig. 6,4.10. show the flux density distribution
ailong the z and x axes for a 150 Hz supply of 5.04, g = 1.2cm and
s = 0,5,

Fige€.4.11, shows the flux density distribution along the z axis
for a 150 Hz supply of 5,04, B l.,2em., 8 = 0,5 and z; = 2c¢cm,

Fig.6.4.12, shows the flux éensity distribution along the z axis
for a 150 Hz supply of 5.0A, s = l.2cm., s = 0,5 and ex = .075 rad.

Fig. 6.4.13, shows the flux density distribution along the x axis

for a 150 Ez supply of 5.04, g, = l.2em., s = 0.5 and 6, = .0112 rad.
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CHAPTER 7




CHAPTER 7, DISCUSSICN, FURTHSR WORK AND CONCLUSION

7.1ls Discussion

The work presented in this thesis has examined the electromechanical
stiffness and damping coefficients of the linear induction motor in
all six degrees of freedom., The three axis forées and the three
rotational couples generated by the machine under different stator
symmetrical and asyrmetrical positions were studied, Their correspond=-
ing flux density distributions were also investigated.

The input iﬁpedance of the linear induction motor was used to
rclate the constant current drive machine to the constant voltage
drive machine. A computer program was developed for the purpcses .
o predicting the flux densitiec and forees in the machine. A
~ listing of the computer program has oeen given in Appendix A3, In
: addition, the computed results were plotted in two aad three aimcasional
dilagrams to show the distributions of various components of flux
density, force density and power flow in the machine. Results were verif-
ied with an experimental machine under various operating conditions,

In the mathematical model of Chapter 2, current sheet density
distributions for both Jx and Jz were assum=d to be exbended to
+ LZ/Q, as discussed in Appendix Al., This was the best w~veform
chosen from those described in the appendix for the 350 Hz supply
frejqueacy. However, the flux density distributions along ths 2z
axis were found to be frequency dependent as indicated in Fig.6.4.5,
for 50 Hz. These experimental results suggest that-a short
{1-sinp ) exponential decay representation of the current sheet
along the z axis would be more suitable for this particular frequency.
At present, since there is no empirical formula to

generalise the currsnt sheet representation along the

=188 -



z axis, the best representation would 'be derived
from the experimental results to mateh the particular configuration
and the parameters of the mackine,

In the current sheet representation in the x axis, a sinusoidal
travelling wave current density is assumed and the slot harmonic and
slot effect are ignored. The flux measurement results show that
there are large differences in values betweea the flux densities
measured above teeth and above slots. Though the theoretical
results fit in between these values, in order to obtained an accurate
prediction of the flux densities in various parts of the machine,
it is evideat that the slot efrect cannot be neglected., Slot
effect can be inclvded in this analysis by defining a cwrrent sheet
density distributions J_and J_, the same as in Oberretl's paper’ .

It is achieved at the ¢xperse of a very high computer time, since
a large number of terms of KN in the double Fourier Series is required,

The stator iroa is ascumed to be extended to * 00 in the x direction,
hence flux beyond the ~xi%{ end carried py the rotor would stil)l inter-
act with the artificial extendsd stator iron. It was expected that
this assuuption weuld cause discrepancy between the theoretical and
the experimental results, espceially when the machine is operating
at high speed or near srnearonous speed where a large amount of
flux is present beyond the exit end. Fig.6.3.14. shows the piteh
couple M against slip and Fig,6.3.10. shows the levitation force
Fy against slip. The theoretical results in these diagrams diverge
from the experimental results, these suggest an improved modelling
of the finite stater iron length may prove more adequate.

As stated in Chapter 2, the angles of roll, pitch and yaw are

assumed small, 2 varialion of air gap g of 6mm in the x direction
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means a angle of pitch of 0.64°, and a variation of émm in the active
zone in the 2 direction means a angle of roll of 4.3°. A4s the
stator iron is assuned to be exte&ded to +00 in th: x and 2
directions, this implies a limitating on the angles of roll .and
piteh. Negative air gap length must be avoid ir the mathematical
model when the machine is rolled and pitched,

The stiffness coefficients in the six degrees of freedom are
calculated and verified by the oxperimental results in both static
and dynamic conditions( Chapter 5 and Chapter 6). A high stiffness
in the y direction K,, is obtained, 8.62N/cm with 350 Hz, 3.5A
supply and with average air gap length g of 1l.0cm. Regative
stiffness coefficients 533 and K55 were obtained ii both experimental
and theoretical results, which means an unstable system in ths 2z
direction and the rotational direction of yaw. As explained in
Chapter 2, ther is no electromagnetic effsce’ cn #he < "fne=s  when
there is a change in the position of the stator in tis x direction,
hence_Kll is zero. Positive stiffness ccefficients were obtained in
roll and pitch; whereas in the later case, a pitek counles ie presented
at zero pitch angle due to the non—uniform distribution »f EY in
the x direction because of the end effect( see Fig.6.3.15,).

Part of the cross coupling between the six degrees of [reedom
were verified. The effects on the levitation and propulsion forces
when the machine is laterally shifted and the machine is rolled,
pitched and yaw ars illustrated in Chapter 5, Fig.5.4.1, There is
also a substantial cross coupling between the lateral éiraction and
the roll of the machine. As shown in Fig.5.4.1., a lateral displace-
ment in the z direction causes ihs machine to generate a latsral

force F, and a moment of roll( -0.146/cn and 0.0628N~m/cm experimental).
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“dhen the machine rolled, there is a change in the lateral force and
the moment of roll( 0.022N/rad. and 0.00558-m/rad. experimental).
In the experimental measurement, when the machine is in a

symmetrical position( 6, =6, =6, =3 = 0.0), there is a small amount

y
of moment of roll and yaw present. They are caused by the asymmetrical

0

configuration of the stator windings and the stator iron. Ia the
experimental results, these values are substracted from the other
measured values in order to obtain a zero moment of roll and yaw
when the machine is in the symmetrical condition.

The theoretical results of the lateral force variation with respect
to the lateral displacement is shown in Fig.6.3.11, Experimental
results were unobtainable dne to the small magnitude of the lateral
foree( 0,108 maximum).

The theore£ical dampings of the linear induction motor are shoun
in Fig.4.5.1. The first column of the damping coefficient matrix
is verified in Chapter 6, and corresponds to the changes
of the three axis forces and the three rotational couples with
respect to the changes in slip, The dampings in the other five
degrees of freedom could not be verified due to the difficulty
in the experimental work. In order to obtain the experimeital
damping in these five degrees of freedom, velocity has to he included
ov the machine has to be set into vibration in the corresponding
degree of freedom, It is hoped that the thesoretical results of
the damping coefficient matrix will provide a general indication
of the values of the dampings in the machine,

The input impedance of the linear Laduction motor was calculated and
is shown in Fig.4.6.1, The theoretical results and the experimental
results of the Y-phase current for a constant veltage supply of 50 Hz
under different slips is shown in Fige6.2.19,, and Fig.6,2.20. shows

the corresponding sower factor, Fige6.3.9. and Fig.6,2.10. show the
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forces when the machine is operated under a constant input voltage

of 54.4volts, and the current is 5.04 at synchronous speed. Fig.6.3.5.
and Fig.6.3.6. show the propulsion and levitation forces when the
machine is operated under a constant curreni supply of 5.0A and

with a terminal voltage of 54.4 volts at synchronous speed. These
diagrams illustrate the differences betwsen the performance of a
constant voltage drive machine and a constant current drive machine,
both the experimental and theoretical results are shown for comparison
purposes,

In Chapter 4, the computed results were plotted in three dimensional
diagrams to show the distribution of various coumponents of flux deasity
and force density distribution in the machine. Eipzrimentsl results
of flvx density distriﬁutinns were plotted in two dimeasional diagrams
in Chapter 5 along both the x and 2z directions; the correspording
computed rssults are also plotted. The powsr flov 1cv»ias tua airp
gap is also included in Chapter 4 with a 350 Hz g piy, at s = 1.0
and 8 = 0,2,

Flux distribution in the air gap, secoadary couanductor and %pe back
iron regions are plotted withs = 0.0 to & = 1,0 at U.1 slip
intervals. They are shown in Fig.4.3.1, to Fig.%£.3.1l. These
diagrans provide an easy incight of the flux pattern with respect
to the variation of slip. It can be observed that the flux penetrates
gradually through the secondary conductor as the machine approaches
synchronous speed,

The flux deasity distributions alonz th: x and 2z diréctions are
Locluded in Chapter 5 and Chapter 6 for both static and dynamic
tests results. Thess results iaclude difarent frequeacy, slip, air
gap length, angles of roll, pitch and yaw, and the lateral displace-
ment, Theoretical results are also showa in each diagrsm for

comparison purposes. When the machine is rolled, piteh or laterally
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displaced, the flux density distributions of the machine are shown
in Fig.6.4.12,, Fig.5.4.13. and Fig.5.4.11, respectively. These
diagrams can be compared with Fig.5.4.9. and Fig.5.4.10, for a
machine with zero angle of roll and piteh, and without any lateral
displacement in the stator,

Chapter 5 and Chapter £ give both the experimental and theopetical
results of the static and the dynamic tests. There are discrepancies
between the computed and the experimental . values, the causes of thess
discrepancics can be summarized by the following factorss
1, the assumption of the infinite permeability in the stator iron,
Zs slnusoidal balanced three phase supply was assumed; in practice,

currents are different in'the phases and they are also different
for a three vire and a four wire system. TFor example,

at 150 Hz supply and s = 0.5, the three phase currcabs are /4.75A,
5.04 and 5.5,

stator iron was assumed to bs extended to 60 , in both the x

At

and z directions in the mathematical riodel,
4o slot effect and slot harmonics were not taken into account in
the mathematlical model,
5. the reprzsentation of the stator windings by a thin cwrrent sheet,
G. the uncertainty of the J, and J, distributions in the # direction,
7. the usss of Carter's csofficicnt for the equivalent air gap length
which may not bs justified when applied to the linear iaduction
motor with an a2luminium as the secondary; especially a machine
without back iron, ‘

8. experimsatal errors,
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7.2: Further work

In this thesis, a three dimensional analytical approach by using
double Fourier Seriss is used to calculate the stiffnesses and
dampings of the linear induction motor. 3Some assumptions are made
and they were discussed in the previous section. In this section,
some proposals for further work are made. These are for the purposes
of extending the theory further in order to obtain a more accurate
ano practical model from the analysis. .

In the mathematical model, a linear ianduction motor without back
iron was considered, and all the experimental work was obtainecd
with a linear induection machine without back iron. 43 discussed in
Chapter 2, if the machin~ has back iron, the analysis can include
this by substituting the relaltive permeability of the back iron (ur3)
into the boundary conditions. However, this model is based on the
assuwapvion that the back irua is cxtended té * 00 in the x and the
z directions. Men tlc w=iline is laterally shifted or the machine
is subject to yaw, the «tcnze in position of the back iron produces
& change in the reluctance ia the magnetic circuit and this effect
is not incliuded in vhe analysis. This phenomenon can be taken into
account by modelling the back iron in finite width; or to a first
approximation, by ccasideraiion of the electromagnetic enerzy stored
in the back iron as in Lowther's ihesis7 . Consideriang the fiaite
width of the back iron would be a more aacurate approach, but it
would be a difficult task in an analytical amalysis,

As discussed in the last section, when the machine is op:rated at
high speed or near synchronogs speed, then a large flux is present beycnd
the exit end and a finite stator leagth in the mathematical model
would be more adequate. Ia dealinz with ths fiaite leagth and finite

width in the stator iron and the back iron, a numerical solution would
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be more appropriate in view of the boundary conditions, hence the
Tinite-element or the finite~difference methods are recommended.

From the experimental results of ths flux density measurement,
there are large differences in values between the flux densities
measured above teeth and above slots. As explained ia the last
ssction, though the theoretical results fit in between these values,
in order to obtain an accurate prediction of the flux deasities,
the slot effect cannot be ignored. By defining the current sheet
density distributions Jx and Jz in the x dirsction as in Oberretl's
paperg, the slot effect can be included.

Besides the few points mentioned avove, there are other fields
of interest for furiher investigation of the linear induction motor,
In the mathematical model, the ralative permeability of the machine
was assumed constant., In reality, parts of the iroa in the machine
are saturated and ite - permeability varies. This leads into the
examination of the noi-linser sharacteristic of the B-H curve and
the saturatioa in the wrznetic parts of the machine, Also, the
electromechanical sti’faesses and dampings of the linear induction
motor can be investigated ia the other configurations, for examples,
solid ircn secondary and double-sided motor,

Futhermore, not a1l the damping coefficients are verified in this
thesis. It would be interesting to have the proof of the damping
coefficients in all six degre=s of fresdom including the effect of

the cross coupling.
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e3s Conclusion

In general, the work described in this thesis has been concerned
with the calculation of the electromechanical stiffnesses and
dampings of the linear iaduction motor. BExperimeatal results show
close correlation with the predicted values. It is hoped that the
theories and techniques developed in this thesis will iacrease the
understanding of the stiffnesses and dampings of the linear induction
machine, and provide data for further study of the stability and

design of the machine,
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Agpendix Al. Boundary eguations

Boundary cmmtmm at y = g, eqn.2.29. into eyn. 2.38. and eqn.2.37.;

equating si.nin(z-zo) and cosfm(z—zo) terms semrately,

Ban CrnpeP B = Coppexp —fog V= Ipoamnx (A.1.)
Bun( Cfppe®® Boag = Cpfcoxp =3 2 ) = O (A.2.)
ﬁmn( ij-nexp pmﬁ?; - Gz'mnexp .'3mnﬁz ) == B G ( 443:)
Poon 03;50@ P8 = c,;;hexp B8 ) =0 ( Aks)

Boundary conditions at y =8 , normal components, eqn,.2.29,

and eqn.2,30, into eqn.2.40., and eqn.2.41l., give

Ll

G pn®*P ams _+C n8%p B -3 = (GXP lm'ns) (C jeos B %o ‘8 Clonn®in By 3 )

8 '. A.S-)
! ! jﬂ.nT.rE::}(p Elmn-.-’ .
G Bt P ConneP smnz ‘ 2o 2;"?71111"0' " 1“‘5 CiCan aoin IZmné)
2mnz 2mLs {A.6.)

anexpﬁ § +C, sex: '3mx§ = exp ‘*".lmﬁ (Cl]m-ncos K. o +Cy 5 8in aznnb)
(a.7.)

G%mepﬁ b+ '-xp -5, 3 0 ( A.8.)

Boundary conditions at y =§ , tangential component, eqn.2.29, and

eqn.2.30, into eqn.2.42. and eqn.2.43., give

(0 =exp B; 8 ~C, sexp =3 -B)=(B, )(-Cq .sin B, +§+C, -cos B, 3 )

+exp E, - 6'(0 mncos By S+C sin B -3 )

10mn 2mnx
( 4.9.)
aV 7
’ o 0’ =in®
s BN oL s SRR n z (B, (6, sink . .3
an(Glmncxp iimns “Conn®P =28 )—(E 2 . 2) 2mnz* 9an 2mnz
2mnz ~ 2mnx

’
- b - = i = rt
+01Crmncos £'2mn§. )+exp Elmré (u%ncos Lh&' +0 10 ain E A‘ ))

(a.10.)



ﬁznrl((.}BIn}le}:p ﬁnius "clanh"'\'p *an;J:cXp Elmn (cl] maC oo E2r1‘§ 12111:1 Eé.rnn?a)

*E g ("C11msin By 840, o cos E, S ) (A.11.)
' - 4 1 = —
ﬁmn(cjm'nexp Pl ~C jma®*P _pmg j =0 (A.a2,)

Boundary conditions at y=0, normal components, eqn.2,30, and

eqn.2,31, into eqn.2.44. and egn.2.45., give

Pz = ®smn * O6mn FETE
e
(::un_'__z,z-s‘?mn 2, = cﬁ;n > C&:n ( A.24.)
2mnz - 2nnx
cllmn ¥ c’?mn ¥ csmn (A.15,)
© = Crny * Oy ( 4.16.)

Boundary conditions at y=0, tangential components, eqn.2.30, and

eqne2.31, into eqn.2.46. and eqn.2.47.,zive,

._l_
ja V
n % ’ & xi Vi 7 . 3
2 2 (Eannzclann+Elmnc9mn)" B P mn(c‘jmn"cf,mn) ( 4.18,)
(E2m'12- ~Eonnx
- P
Emn?clzmn Elrnn 1lmn ~ N (C7m+08mn) (A.19,)
P /
0 = 28(c,1 1+l ) ( 4.20,)

'l.

Boundary conditions at y =-€§ eqn.2.30. into eqn.2.42. and eqn.2.49.,

give,

c6mn =0 ( A.gl.)
céfm =0 ( &.22,)
C, =0 ( 4.24.)

FaTal



There are 24 simultaneous equations for solving the 22 unknown
constants, C_ 's (eqn.A.l. to egn.A.24.). Two of these equations
are depeadent equations, eqn.A.16. and eqn.A.20. represent the same
equation, i.e,

G7mn = c8mn

and eqn.A.4., eqn.A.8, and eqn.A.12, give two equations,i.e.

] b
can =0
/| 2]
Can =0

Thus, all these equations(egn.A.l. to eqn.A.24.) reduce to a set of
equations, which has 22 simultaneous equations, with 22 unknown
constants, Cmm's. They can be solved by conventional method, using

method of elimination or by inversion of the matrix.

- 206 -



Appendix A2, Currenh density distribution in the z direetion

Fig.A.2.1. shous the layout of the windings over the active zone
and the overhang regions. The solid lines represent the upper layers
of the stator coils, and the dotted lines represent the lower layers

of the stator coils.

In the overhang region, the current flow in the x dirzction and

the z direction are:
._Tx =.I&uﬂaer '.ager "’J—X lower [n_t,e.\'
Ju casB.na.PJ(-l"...m‘t-f Zz-lz 5)

VVa 2
+-'I-a:56 8xp j (? -t —'TM'B" zZ. )
5

~ A _L":_.__
s h ms( e

where Jl is the current she t density in the active zone.

Similurly, .l :
3z = % aind ""PJC""‘ WL+ Z;,L: —2—)
T
"-"'.:. ot | S e Z""LZ Jf-
2 SO ompi(F -t - Zle T

= j 3 stnd s (Zz-- L)

The current distributions ars plotted in FigoA.2.2., and they raepresent
the real current waveforms. However, dus to the assumpticn of the
artificial extension of the stator iron over the overhang reglons,
both Oberret19 and Preston & Reece's papers25 sugzested a ( 1 - sing )
sinusoidally decaying current waveform. ‘

Fig.A.2.5. shows the current waveforms used by Oberretl, wherz the

secondary width is greater than the width of the stator iron + overhang

region,
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These waveforms are used for the evaluation of the three axis forces
since they give the best correlation with the experimental force
measurements,

The Fourier coefficients bhx and Hmz for these given waveforms

are(see section 2.4.):

%2 |
bmx = -&- F.(Zl S}ILXMZdZ
Lz
e,
= -——Liﬁil-—-— I ) Jléﬁlixgkiﬂﬁl.élﬂhL JCmA) Wy
(=) pomif | @md™™ T L Lz CO57,

. o
—ér F.'z[z)smjmzdz
- J E
"Iz
g Ym bex Wa
b ST

o=
=
N
1N

Fig.A.2.4. slows th: current waveforms nsed by Preston & Rezce,
whare the width of the szondary is smaller than th: width of the
stator iron + overhang region.

In the thesis of Lowthe:lg, another waveform is suggested, where
the current sheet density is cinusoidally decaying until it reaches
the edges of ths sscondory conductor(see Fig.A.2.5.). This current
waveform is adapted in the evaluation of the flux density since it
gives the best results when compered with the experimental field
measurements,

Fig.A.2.6, shows the current waveforms used when ths stator is
laterally displaced.

'ig.A.2,7. compares the theoretical flux deasity distribution Bx
by using the waveforms showa in Fig.A.2.4. and Fiz.A.2.6. with z, = 3em.

The experimental results are also shown in the same diagram. It is
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clear that- the waveforms suggested by Lowther would have a better
correlation with the experimentsl flux measurements; since it gives

& more accurate fisld representation in the overhang regions.
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Appendix A3, Computer prosrams

In Chapter 2 and Chapter 4, an approach to calculate the flux
densities and the forces has besen outlincd and discussed. Based on
these theories, some computer programs have been developed. A
listing of the computer program for the evaluation of the three axis
forces and the three rotational couples is given below. The other
subsidiary computer programs for the three dimensional plotting of
the flux deasities, force densities and the pover f{low across the
air gap are similar to the program enclosed in this Appendix, hence

they are not included.
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TCLP

DATE 3=

JOBCGPEES14,315,T2000,M7600) S U LEUNG

LISTING

17707780

TIME:= “P2.0F 57

ATTACHCMAN ,MANTRAP ,1D=PUBLIC)

LIBRA

RY (MAN)

REQUEST(TAPETIQ,*PF)
FTNCOPT=1,SL) C
LDSETC(MAP=R/Z2ZZMP,PRESFT=NGINF)

LGOCP

L=10000)

CATALOGCTAPE10,DATAS, ID=GPEF126)

)

€ THI
C THE

PROGRAM

S Is K-S

L. FREE?

COMPLEX
COMPLEX
COMPLEX
COMPLEX
COMPLEX
COMPLEX
COMPLEX
COMPLEX
COMPLEX
COMPLEX
COMPLEX
COMPLEX
COMPLEX

JOB CC *SLOT 514*

LIMSCINPUT,OUTPUT , TAPES=INPUT,TAPEG=0UTPUT,TAPE1IN)

PIMENSTONAL ANALYSIS OF THE LINEAR INDUCTION

PLOTTING

BEX1.BBY1,B821

AXT1,AZ1  EX2SQ,EX2 VXY, VX2,VXL, VX7 ,VUX9
QX1.QX2:0X3,0X4,0QX5

AAXT e AAY T+ AAZS o SUMXT s SUMYT £ SUMZ
SUMX,SUMY,SUMZ
JJ01,Q2.03,04,05,F2.,AA%

CUJ V1, V2,V4,V7,V9

EZ2SN

A.&XG.n".ZO.BﬂXf‘-BBYO.ﬁBZO
SUMXO0,SUMYO,SUMZ0,SUMXT10,SUMYT10,SUMZ10
P2:eP3:04L,PS.P7,PX

K1 ¢t CKUWEX2ST0,EX20,VX40,VX70,VX0Q0
QX20.,QX50,0X49,0X50

MOTOR

REAL LX LWXetZ 1 Z2Ked01,117.118,1L%1

DIMENSIGH AATS3,CC(5C), ANCSO) ,AM(S0) ,AMY(SO)
DIMENSION FFA(S1.22) '
PIMENSION Fili27,22)

PIMENSICN FF1(5%,22),FL(51,22):FT(51.,22)
DIMENSION BX(51422)/BY(51422)+R2(51.22)
DIMENSION 2Z2Z(€30),2Z27(30)

DIMENSION ZFL(30)+2FT(30),2FX(30)
DIMENSIZN FFN(51,22)

DIMENSION FFX(51,22)

DIMENSION FFZ2(51,22)

DIMENSION fK2(51.22)

DIMENSTON XX(5%.:22)

DIMFNSTON AB(120)

DIMENSION FFM(51,22),SMM(22)

C MACHINE PARAMETERS ARE AS FOLLOWS
c i*i*******************i**i******i********i*ﬁ*****************i
WN=0,04 2
LLX=1.25
LX=0.53
LX1=0.34
LZ=0.10
LZ=0.09
L2=06_08
LLZ=0.2355 N
PDN=0,003175
€C=0.013175
C=0.01
P=0.112
SW=0,013



11

19
12
15

16

F=550.0
CONB=35C00000,0
HO=0,000601256
UR=2000.0
UrR=1.0
J1=45000,0
J1=24500,0
P1=3.1416

READ(5:.71) S.,VY
FORMAT(Z2FS5,2)
$=1.0

$=0.999¢

$=0.2

READ(S5,19) MM,NN
FORMAT(212)
READC(S5,12) 1X1.,1X2,1Y1,1Y2,121,122
FORMAT(612)
READ(S,15) K
FORMAT(F6.2)
READ(5,16) B
FCRMAT(F10.5)

DO 3RS 135=1,5

Vz=0.0 )
220=0.0 i
VY0=0.0

Vzo=0.0

RZ2=0.0

B=0,40

THX=0.0

THY=0.0

THZ=0.0

VIX=06.0

ViY=0(.90

VTZ=C0.0

WRITE(6,17) K,PM,NN:B.VY

FORMAT(/ /1 /* Ks*, F5.1.,//7+ MM=%,12,///
1% NN=*,12,///* B=*,F10.5,10X,* VY= *,F5,2)

T=0.0

C LA A SRR SR S e R S R R kkdddddddddhdbhdddhadds

14

700

DX=LLX/50.0
PY=CCLLZ/2.0)*B+C)/10.0
PZ=L1LZ2/20.0

WRITEC6:14) SsTe1X1,1X2:1Y1,1Y2,121.122
FORMATC///* S=%,F5.2:¢//% T=*,F6.3,//% X FROM *,12.,% TO *,
Yol/* Y FROM %,12,% TO #,12,//% 2 FROM #,12,% TO *,12)

NN1=(NN=-1)/2+1

D0 700 17=1,NN

TT7=FLOAT(I7=KN1)
AACIZ)=((2.0%117=1.0)/LLX+1.0/P)*D1

ANCIV I =d 1 {5 iR{2. . 0~ TIT=1.0)»PiniA/i LLA*2.0)
THSTINC(2.0*1T72-1.0)*P1*LX1/(LLX*2,.D))) ®
T7CC2.0*%117=-1.C)*P1)

CONTINUF

KK2=2

Kk2=3

KK1=3
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311

KK2=4

KK1=2

KK1=1

KK2=5

D031 131=KK1.,¥KK2

GOTO 311
VTIZ=FLOAT(131)+1.0
VIY=FLOAT(TI31)%*1.0
VIX=FLOAT(I31)+%1.0
VZO=FLOAT(I31)*1.0
VYO=FLOAT(I31-2)*1.0
S=FLOAT(I371-1)*0.1
THY=FLOAT(I31)%0.04123
THZ=FLOAT(131-2)*0.005
THX=FLOAT(I31)*0.01
ZZ0=FLOAT(I31-1)*0.01
ZZO=FLOAT(131)*0.005
C=FLOAT(I31)*N0_.003+0.005
F=100,0+FLOAT(I31=-1)+50,0

CONTINUE

TFECI35,.:0.) VYO=FLOAT(131-2)*1.0
IFCI35.EQ.,2) VZO=FLOATC(I31)*1.0
1FC(135.EQ.3) VIX=FLOATC(I31)%1.0
PECI35.EQ, &) VTY=FLCAT(I31)*1.0
IF(135.EQ.5) VTZ=FLOAT(I31)#1.0
W=2.%P1+F

B=THZ

R7Z=THX

VX=2 . 0%xF*p*(1.0-8)

DO 600 15=121,122
22=(15=1,0)%pZ+LL2/f2.0
22=7

DO 5CO i3=1Y9,7Y2
Y=p0D
Y0=0,0

DO 400 11=1X1,1X2

X==t LX/2.0~(11=-1.0)%DX
20=720=THY*X
VZ=VZI0=-VTY*%X
VY=VYO+VTZ*X~VTX%22
2=22-L1L72/2.0-20
2=272-LLZ12.0

PO 800 18=1,MM

T118=FLOAT(1I8)

CCCI8)=118+P1/LL2
B1=(L1LZ/(2.0%UQ)) x*2
B2=P1*T18%((LZ/2.0)+W0)/LLZ
B3=P1+118%(L2/2.0)/LL2Z
AMCIBI=(4.0/P1)*(RT/(B1-(T18)*%2))*
10(C1.0/T18)*SIN(R2)=€2.0%UW0O/LLZ)*COS(R3))
2+SIN(CC(IR)*(LLZ/2.0-20))
AMX(18)==AM(T18)«CC(I8)*+HO*2.0/P1
AMX(18)=-AMX(I8)
XA=LLZ/2.0-20-12/2.0
XB=LLZ/Z.0=20+1L2/2.0
XK=LLZ=-XR-20/2.0

XK=LLZ=-XB-Z0

XK=LLZ=-XR
XDI=(P1/(2.0%XA))%#%2=CC(IB8) #%2
XD2=(P1/(2.0%XK))##2=CCC1B) #%2

XD3=2.0*(COS(CE(Iﬂ)*(tLZ—ZOIZ.D))-1{O}ICC(Iﬂj e
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Ry W TN Rl & L ORGSO AN A BN
XD3=2_Cx(COS(TI&6*P1)=1.0)/CC(18)
XD&=(P1/XA)*SINCCCCI8) *XA)
XDS5=(PI1/XK)*COS(118%P1) :
XP6=2_ 0+CCCTIB)*SIN(CCCIB)*XB)
XDXL4=2 d*CCCIBY*SINCCC(IR)*XA)
XDXS5=2 . 0xCCCIR)Y*COS(IIB*PY)
XDX6=(P1/¥K)*SIHNCCCC(IR) *XB)
AMCLE)=(1.0/LLZ)* (XP3+(¥D4~2.0%CCCIR))/XDT+(XDXS+XDXE) /XD3
AMXCIB)=CT1.0/LLZ)* CAXDXL=(PT/XAY)/XDT1+(XD5S+XD6)/XD2)
AMX(IR)=0.73+*AMX(18)

800 CONTINUE

SUM.\(1=(0.0!0-0}
SUMY 1=(2.0,0.,0)
SUMZ1=(0.0,0.0)
SUMX10=(0.0,0.,0)
SUMY10=(€0.0,0.0)
SUMZ10=(0.0,0.0)

E1=U0*COND*VY /2.0

G=B*X+RZ*x22+C

BS=SP*(S*G+SW)
6G=(BS/(B5-SN*%2 0))%G+DD

CUJ=COND*UO*CHPLX(0.0,1.0) )
E1SR=F1*%2
GD=G=-=DD
E1YD=F1+(Y=-nD)
E1YNO=E12(YD=DD)

DO 200 MN=1,NN
AAN=AA(Y)

ANKN=AN(N)
VI=CUS*(W=VX*AAN)-E1SQ
VX1=CUJ*W=FE1SQ
U2=CMPLX(COS(AAM*X—H*T)'SIN(AAN*X-U*T\}*UO
VX2=¢0.0,1.0)*y?
AANSQ=AAN**2
SlIMX=(0.0:0.0)
SUMY=¢0.0,0.0)
SUmMz=¢0.0,0.9)
SUMXO0=(0_.0,0,0)
SUMY0=(0.0,0.0)
SumMzOo=(0,0,0.0)

PO 100 M=1,MM

CCM=CC(M)

BBSQ=AANSQ+CCM%x=*x?

BER=SAQRT(RARSO)

E1B=(E1-RB/UR)

E1BS=E1+E18 3
A=ANN®AM (M)

E2SQ==-BRSQ+V1

E2=CSAQRT(E2S5Q)

V4L=F2S0+E1BS

V7=E2+Y

VB=CCM*Z+P1/2.0

VO9=CSIN(Y7)

V11=C0S(ve)

01=A%xV2*V11

N2=CCOSC(E2+DPD)

Q3=CSINCEZ2*DD)

VL=ML-BN*R2+E2/ (LIR+03)
Q4=((ETE-F2*Q2/Q3)*SINH(BR+GD) /V4)
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60

100

200

AXZANN®AMY (M)
EX2SQ==RpSO+V X1
FX2=CSART{EX2S50)
VX&4L=EX2SQ+E1BS
VX7=FX2+*Y
VXO=CSINC(VXT)
VX11=SIN(VA)
QXT=AX*VX2*¥VX11
OX2=CCOS(EXZ*DD)
QX3=CSINC(FX2*DD)
VXL=VXL-BR*QX2*F X2/ (UR*OXZ)
QX4=((E1B~EX2*0X2/QX3)*SINH(BR*GD) /VX4)
QXS=BB*(0X4)+COSH(BR*GD)

PX=(E1B-EX2%QX2/0X3)/VX4

PZ=(ETB-E2*Q2/0Q3) /V4

P2==EX2/ (VX9*VUXL*QX5)
P3==VZ/VX*(PZ-PX)*COSH(BB*GD)/(OS*QXS+COND)
P4==VZ/ (VX*Q5*COND)* (=E2/(VO*V4L)+EX2*(1.0=-(PZ-PX)
T*#BB*SINH(BB*GD) /OQXS5) / (VX9*VX4))

PS5=PX/QX5

AAZ1==p2+Q1/05

AZ1==1/Q5

AAZO==EXPCETYDO)*(~F2)*Q1/(Q3+V4&%*0Q5)
AXT=AX*VX2*VAT11/QX54VZ/VX*(PZ=PX)*SINH( B*GDI*A*Y2
1*VI1/(UO*05*QXS*COND) '
AAXC=EXPC(ETYDO)+(~FX2)/ (QX3+VXL*QX5)

BRX1=AZ21+*01

BBXO=Q1*EXPC(ETYDO)*» (F2=0B/UR)/(VLxQ3I*05)
uBY1=(0.0:—1.0)*AnN*AAz“+CCF*(DS*AX*vxz*v11~PS*A*V2%VX11/Hﬂ
BBYO=C0.0,=1.0)+AAN*AAZU+CCH* CAAXO*AX*VX24VI1-PL* A%V *\VX11/
BRZ1=-AX1
n820=0x1*EXP(E1?90}w(Exz*BB/up)J(vxa*QXS*nxS)-BB*P4*01/(UO*
SUMX=SUMY4+RBX1

SUMY=SUMY+RRY,

SUMZ=8SuMZ+RRZY

SUMXO0=3UMX0+RHYA

SUMYO=SURYQ+BRYD

SUMZO0=3UMZ0+BRZO

CONTIMNUE

SUMX1=SUMXT+SUMX
SUMYT1=SUMY{+SUMY
SUMZI=SUMZI+SUM7
SUMX10=SUMXT0+SUMXL
SUMYT0=5UMY10+SUMAY(
SUMZT10=SUMZ10+SUMZ0
CONTINUE

BBX=CABS(SUMX1)
BBY=CABS (SuMY1)
BBZ=CABS(SUMZ1)
BX0=CABS(SUMX10)
BYO=CABS(SUMY10)
B70=CABS(SUMZ10)

F1=(-(BBX**Z)+(BBY**2)-(BBZ**2))I(UO*&.G)
F2=(BX0*%2=BY0*=2+B20+%2)/ (Li0*4. ()

ELE=(F1+F2)

FA=F2 .

FN=F1/1.0
FK:REAL(SUHK1*C0NJG(SUHY1)—SUﬁK1O*CQNJG(SUMY10))/(Uﬂ*2.0)
rz=PF4L(SUmY1-CONJG(SUHz1)-sumvio*CONJG(SUM210>)/(UO*?.0>
FFA(CIT,15)=FA

FFLCE1+15)=FLE

FFNCIT,15)=FN



FrELTl o 133=F2
FFT(I1,15)=X*FLE

FKZ(11,15)=F2

FFM(I1,15)=X*F2

FEM(I1,15)=X*FZ2-22%FX &%
THEX*THY*X

BXCI1,15)==RBX

BY(I1,15)==3RY

BZ(11,15)==-3R7

LECHY. NES26Y 60T0 « 223

WRITEC6:222) 11,15,SUMX1,SUMY1,SUMZ1,BBX,BBY,BBZ,FX,FLEsF2
222 FORMAT(/2112,/6F18.8,/3F18.8,/3F18.8)
223 CONTINUE

400 CONTINUE

500  CONTINUE

=22

DO 51 151=1.24
FFM(2*IS1+1.IS)=2.0*FFM(2*IS1+1.IS)
FLCZ*I5141,15)=2 . 0%FFL(2*151+1,15)
FTC2%15141,15)=2.0*%FFT(2%151+1,15)
XXC2%IS51+1,15)=2.0%FFX(2%151+1,15)
FFZ(2%I151+41,15)=2,0*FFZ2(2%151+1,15)

51 CONTINUF

DO 52 152=21:25

FFM(2*152,15)=4 0*FFM(2%152,15)

FLC2*IS52,15)=4 O%FFL(2%152,15)

FTC2*152,15)=4 0%FFT(2%152,15)

XX(2*152,15)=4 0%xFFX(2%152,15)

FFZ(2%152,15)=4_0*FF2(2%152,15)
52 CONTINUE

FLC 1.I5)=FFLC 1,15)
FTC 1,I5)=FFT( 1.15)
XXC 1,I5)=FFXC 1.15)
FLCS5T115)=FF1.(51.,1%)
FTC51,1I5)=FFT(51,15)
XX(51115)=FFX(51t15)

OO0
.
L= = = I e ]

T T T,
N>X=-73=

nnunnunn

DO 53 153=%1.+51

SM=SM+FFM(I53,15)

SF=SF+FLC(I53,15)

ST=ST+FT(153,15)

SX=SX+XX(153,15)

SZ=SZ+FF2(153,15)
53 CONTINUE

SMM(IS5)=SM*DX/3.0

ZZT(IS)=SF«Z*DX/3.0

SF=SF*DX/3.0

ST=3T=DX/3.95 :
SX=SX*D¥/3.0 >
ZFLCISY=SF

ZFET(IS)=ST

ZFX(IS5)=SX

Z27CIS5)Y=S2+*DX/3.D



et

B3

56

5¢

54

571

561
31
23

DO S5 15557,90
SMM(2*155)=4,0*SHM(I55+2)
ZFLC2#I55)=4. 0*ZFL(2*155)
ZFT (2% 155 =4 0% ZFT (22 1S55)
ZEXC2%I55)=4 Q% ZFX(2%155)
ZZT(2*155)=4 . 0% Z2ZT(2*155)
222(2%155)=4.,0%227(2%155)
CONTIHUF

SMM(2+15641)=2 0*SHH(2%156+1)
ZFL(2*15%6+1)=2.0%ZFL(2%156+1)
ZFTC(2%156+1)=2,.0%2FT(2%156+1)
ZFEX(2%15641)=2 N*xZFX(2%x156+1)
22T(2*156+1)=2,0*Z22T(2%156+1)
222(2%156+1)=2.0%222(2%156+1)
CONTINUE

ZM=0.,0

22FL=0.0
2ZF1=0.0
ZZFEX=0.0
2227=0.0
2227=0.0

DO .57 157=1.,21
Z2ZV=2272T+227(157)*DZ2/3.0
22272=7222+4222C157)*D2/3.0
ZZFX=7ZFX+2FX(I57)*DZ/3.0
ZZFT=2ZFT+2FTCIS7)*DZ/3.0
ZZFL=2ZFL+2ZFLCI57)%*DnZ/3.0
IM=ZM+SHM(I57)*D2/3.0
CONTINUE

WRITE(H.S4) VY sCo22FXeZ2FLe2227+2227¢2ZMe272ET
FORMAT(///2F18.R,/6F18.8)

ZM=0.0

ZZFL=0.0

ZZFT=0.0

ZZFX=0.0

2222=0.0

22271=0.0

SMM(11)=SMM(11)/2.0

ZFLC11)=2FLC11)/2.0

ZFT(11)=2FT(11)/2.0

ZFEX(11)=2F%X(11)/2.0

222C1 V) =222C1Y322.0

2NN =22TC11> /2.0

PO 521 1571=1411

ZM=ZM+SHMM(IS571)+*D2/3.0

72FL=ZZFL+2FLCIS571)%D2/3.0

ZZFT=72FT+2FTCIS71)*D2/3.0

2ZFX=72FX+ZFX(IS571)*02/3.0
2227=2722+222C1571)*DZ/3.0

2227=2Z27+227C1571)*D2/3.0

CONTINUE

WRITE(G6,541) ZZ2FXs22FLe222Z24222T42M.27FT
FORMAT(/+ SUMMATION OVER HALF PLANE+*,/6F18.8)

CONTINUE :

CONTINUE

STOP

END
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ON THE ELECTROMECHANICAL STIFFRESS AND
DAMPING OF LINEAR INDUCTION MOTORS

J. Van Bueren, S.W. Leung
The City Umiversity, London, UK

ABSTRACT

The three axis forces and the three rotational couples of the linear
induction motor are analysed as functions of position, linear velocity and
rotational velocity of the stator. The electromechanical stiffness and
damping coefficients are determined in each of the six degrees of freedom.

A current-ted machine is assumed and a three-dimensional analytical approach
is used. Both the end effect and the lateral edge effect are considered
and the skin effect of the sccondary conductor is included., The predicted
results are verified on a test rig. »

INTRODUCTION

An object in motion has six degrees of freedow: three translational motions
and three rotational motions. - The coordinate system used for the analysis
in this paper is shown in Fig.l. The three translational motions are
referved to the traction, normal and lateral (x, y and z) directions, The
three rotational motions s;e referred to che roll, yaw and pitch (ex.ey and
e,).

MATHEMATICAL MODEL

The mathematical ﬁodel is divided into three regions: the air ga, region,
the secondary conductor region and the back iron region (regions 1,2,3 in
Fig.2). The stator winding is represented by a thin current sheet and
presented in the form of a double Fourier series by having infinite arrays
of m.m.£. in the x and z directions. The stator and back iren are assumed
to be infirite in length snd in width, and the stator iron infinitely
permeable, The field equations are formulated in terms of maguetic vector
potential and solved analytically by separation of variables. The three
components of electromagnetic forces are calculated by numerical surface
integration of Maxwell's Second Stress Tensor over the surface of the
secondary cnadnctorl. The total moments of the three rotational couples

are found in 2 similar manner. The theoretical groundwork of this paper‘
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follows that of Oberretlz.

The current distribution for the Jx and .Jz components are shown in Figs 3

and 4 and are represented by the following double Fourier series,

= 2 22, A6 BT € % <) (1)
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The three translational displacements and the three rotational displacements
of the stator are repressnted either by a change in the air gap length or a
change in the current dietribution of the current sheet in the 'z direction;
they are:

g(x.t)-a x -8 Lz Y, (&)
and z (x) = 8 x =z : )

vhere g(x,z) is subsntu:ed in the boundary conditions after the field

equétions are solved. L B, and 6, are the angles of roll, yaw and pitch
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and they are acsumed small, za(x) is used as one of the parameters in the

current sheet equations, (1) and (2).

The linear velocity is detined by a velocity vector V,
¥ (\?x. Vy. Vz)

and the rotational angular velocity is defined by b,
-— - L -
W= (wx. wy. ua) = (Bx. ey, Dz}

The angular velocity of the stator can be included and expressed in terms of

the lincar velocity by the equation: &
vtotal-v‘“xn
~ where R = (x,v,2)

FIELD EQUATIONS

The field equations defined in the three regiens (gen Tig.6) are:

{a) The a%r gap region (region 1), .

VA %0 (5)

and the solutions are:

el [
Aix = 2 ”‘Z:'[{t’.,...,ctpfp....yj-i Cz_axp(-bn.-q‘;"\}n'-: e erpnax-ut)

L]

-'{C:uu‘ c’:F(pﬂﬂj)*c:a“' L2 '.P{-ﬁhl.u:\l} ot f o f-n,Jqf.funx“‘Jr)]
© oo . sle)
Arz = 27 2. [(Coon p(Bany) + Chm5p- B} <oy - €3 (ot

Az=0C Mz

+{C;.,| GKP(ﬁnm:fJ -+ Cf.',,,. etp(—fd...,,yj} $in xeerpj(e .x:af("Ju

2
Prn = &: "'7::

(b) The conductor region (region 2),

VA, - ﬂg—[g%‘. ~ VXVxA]

which giv.s
S oo .
Az‘x = Z E:EC.,...,(cs(E.....,j)+C.g-.,.;m(E.-... ‘J)} Cosn, ¢ (3,
L ] -
. s expj(Ua-uf) . exp( 5__".!”

Emm —J '—H(?‘Vy[Z
Egmax = .__l'_‘/qf-or:-?:,',‘{uo'(u-vxq.; Ty

oo oo
J%n V. ‘ o
= e G B R AT
T COSTLx - expj(%ax-wt) - cxp E.....y] ()
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(c) The back iron region (region 3),
V: As =0

The 5cneml sulunons will be

Asx = Z T‘ [{Cs-m"P("’---J)—r('g-....eup(—l?’—-y)}sr'n‘f-.x-eapj(«.,x-u!j

Wi l"l-.-

+ {C;_“exp(g,,._y) 4-(."_. 8:;0(—(5...7)} €057 - e:pj(u_:.wr) o

Ay = Z [{C-r..,ctp(ﬁ...yj +(3..,up(-—{5....y)} Cos T,z-expj(aax-wt)

M= Nc-w

+ {c?-- eiﬂ'fb-.y) + Cg,_,, erp(-p....y)} S 7o exp (q.rwf)‘]

—{11)
BOUNDARY CONDITIONS
The following boundary conditions are used:
Boundary at the stator surface,
I 9Aix t QAx _— (
— s e = l
He Jy = Jx ("') ol R I (%) . z})

Boundary between region 1 and region 2,

A, 'bﬂm ?ﬂ, 'Bﬂz " ‘3»4.; VA )
T g R Ryt eyt gte s ()

Boundary between region 2 and region 3,

'3/1;: L0Asx, 34\1 Ay Bﬂu '34“ QR _ Ah )
’A’""l ’ S Tt A e Sy —'-: 13—" 'w,.‘

Boundary conditions at y = - « -

Ax=0 ; Ayxe0 (h’

The magnetic vector potentials in the three regions are cbtained in terms
of %onstants Cin in the six equations (6), (7), (8), 19), (10) and (11).
There are 12 unknown constaats Cm“ in these cquations. By substitwcica of
these six equations into the 12 equations (12) to (15) obtained from che

boundary conditions =nd by equating the mth and uth

harmonic of the sin o
and cos Y,* terms separately, the unknown constants c 2an be dueﬂ—,med.
The long-wmded manipulation of the evaluation of the constants C is not
shown here. The final solutions for the magnetic vector potcntul A 1u the

three regions are as follows:

Aca 23 [l Cromatfond) 4 ftyisnn -9}

Mzl Nz -0 £‘~..‘
. ﬂ.a..:'- ::gii:.x—m: S 7, (Z20)
- Va Qe (R -Px(l) } 1
Vx ;anlt Aqnx G (hp“‘(sﬁ‘)"“ﬁ'(z“'q ap:ca.xjv(“’
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Ca o
A= 2 3 f{BlCrm Ermncot o 0 fpushp (5 5)

M=l nz- £ ymnz )
s, * Mo Qmax+COS Vo Z - exp3j(anx-wt) (l?)

O
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The electromagnetic force of the machine is found by using numerical
surface integration of Maxwell's second stress tensor.. The surface of
the integration is chosen to be the same as the surface of the conducter,

thus the exact force density can be found. The three axis forces are:

¥ -f T.dS
(s, + s)
and the three rotational couples are:

" -JES; +5) @ x .45

Where S1 aad S2 2re the top and bottom surfaces of the conductor.

ELECTROMECHANICAL STIFFNESS AND DAMPING COEFFICIENTS

The mechanical equation of wotion for six degrees of freedon’*” are:
MR + 1« (10 = [F,)

where [M] = dia [m, m, m. Ix’ S

[R] = [x, ¥» 2, eza L 5: g

¥ ;
[c] = cij. a 6 x 6 damping coefficient matrix-
[K] = Kij’ a2 6 x 6 stiffness coefficient matrix
[pe] = external forces or torque applied.

end m is the mass of the stator.

- 228 =
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Ix‘ly and Iz are the moment of inertia of the stator along the three

axes,
. | th
cij al i.e. the rate of change of force or torque in the {
J direction with respect to the change of velocity in the
+th .. . .
)  direction,
oF
.
ij &R,
3 J
[K][R] are forces or torques generated due to the changes in the

position of the stator, and [C] ['I'I] are the forces or torques

generated due to the changes in velocity or angular velocity of the stator
in six degrees of freedom. :

In order to analogue the three axis forces and the three rotational couples
to the mechanical system in six degrees of freedom, all the forces and
rotatioual couples have to be evaluated for different stator positions and

different velocities.
TEST AND RESULTS

A linear machine was built and tested under staiic conditions. The

machine details are:

Stator length 0.53 m Sicator width 0.08 m

Pole pitch 0.112 m Synchronous speed 79 w/s
Length of overhangs 0.045 m Slot width 0.013 m
Slot pitch 0.019 m Thickness of conductor 0.0032 n
Conductor width 0.24m Conductivity of conductor 3.5&107 S/m
Supply frequency 350 Hz Current sheet density 245004 /m

Fig. 5 shows the forces and couples under different stator positions, i.e.
Pi versus Rj' The corfesponding electromechanical stiffness coefficients

(experimental) matrix is,

‘o 88.7 9.32 2.3 28 Lon]
o 863 10.0 1.6 0 12.3
0 0 -14.6 2.2 0 0
o o 6.28 0.55 0 0
o o 0 0 -0.75 ©
R 0 0 0 0

PRINCIPAL SYMBOLS

A magnetic vector potential, Wb/m

Bx,By,B: X,y and z components of magnetic flux density, Tesla
[c] damping coefficient matrix

F force vector, N

[x] stiffuess coefficient matrix

- 209
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T Maxwell's eecond stress tensor
v velocity vector, m/s
"] angular velocity vector, rad/s
» permeability
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FIG.6

Fig.5. Stiffness. Variation of forces and couples as a function of

linear and angular displacemenc. Experimental results shuaa
thus.

Fig.6. Damping. Variation of forces and couples as a function of
linear and rotational velocities for a slip of 0.2. Broken
lines indicate moments or forces over half the conductor plate.
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