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ABSTRACT

The thesis is concerned with the study of the performance of the

linear induction Sota 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 asymmetrical positions, and the corresponding flux density and

force distributions are plotted.

The three axis forces and the three rotational couples generated

by the machine, in six different degrees of freedom, are related to

the mechanical vibration system, and represented by the equivalent

mechanical springs and damping devices, hence the clectromechanical

stiffness and damping coefficients are derived.

In order to verify the validity ef the theoretical work, an

Siperinentst machine is designed and built, Both theorctiz.1 and

expzrimental results are shown for comparissn purpotes.

In the theoretical analysis, a three-itmension=i, ssalyvical

approach is used, The field quantities are obbutued by solving the

field equations using the method of separation of variables, In

the mathematical model, a constant-current source is ussuned and

represented by a thin surrcat sheet. The terminl voltage of the

stator is then determined in order to relate the ecnstant-current

drive to a coastant-voltage drive machine. The forces generated by

the secondary conductor are evaluated by using the Maxwell's second

stress tensor.
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CHAPTER 1. GSNERAL INTRODUCTION

1.1. Introduction

The induction 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 electrical contact,

its high efficiency and good power to weight ratio are of great value

to users and designers. Investigation and stndy of induction motors

have been going on since the first invention by Tesla in 1880,

In the last twenty years the increasing needs for improvements

in existing transport systems and the unacceptability of aircraft

operation within city zantres have led to the consideration of High

Speec Ground Transportation, up te 300 km/h, The present wheel

driven systems become impreciicatle, because of the considerable

mechanical engiwering po lems which would be involved in the

suspension system, ani ine cortyct between the wheel and track.

These problems may be ove.ccome by making the vehicle airborne, it

has been suggested, either by air cushion or by electromagnetic

levitation as the means for hevering suspension and propulsion

by a linsar motor. Attenticn has bsen focused on the linear version

_ of the induction motor; 1t has been considered as one of the best

offers for future ground transport 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 its source.

The forces generated by the rotor are due to electromagnetic induction
|

-with no electrical or mechanical coatact.

ek2. Because of tne lack of contact between the primary and secondary

members, there is no mechanical friction between wheel and track —



therefore it is capable of running at high speed.

3. The system is chemical pollution free.

4. 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 requires frequent

maintenance as a result of the high stress concentration due to the

smell area of contact between wheel and rail.

In order to describe the linear version of the induction motor

(Linear Induction tiotur), it may be looked upon in the simplest form

as an unrolled induction motor!?”, However, when we come to the

perfornance analysis of the lincar induction motor, it would not be

so easy to describe when compared with the conventional induction

motor,

The importont feature of the linear machine is the discontinuity

of the motor(in Hich Speed Ground transport, a short stator machine is

usually suggssted) which leedS to entry and exit end effects.

These end ef ects arise frem the discontinuous nature of the excitation

of the stator windings and the stator iron, Especially for high speed

cr high frequency operation, the end effect is serious in that there

is a tail of magnetic flux after the exit end. Besides, the linear

induction motor does not develop forces in just one direction,

but in all three directions. Force 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 stability.



Although the linear induction motor and the conventional induction

machine have the same basi¢ principle, their analyses are quite

different from each other.

The history of the linear machine dates back to the end of the

nineteenth century. The first machine was considered in the textile

industry in 1895 for propelling the shuttle through the warp without

any electrical or mechanical contact?. In the next few decades,

the linear induction motor was suggested for high speed ground

transport, but due +o tha presence of the existing transport system

followed by the development of the aeroplane - «hich seemed to be

a more convenient method-there was a lack of interest in linear indu~

ction motors. In 1946, a laree iinear induction motor4?? was built

in the U.S.A. by Westineghous> which was the first major application

of the linear induction motor, It was used as an aircraft accerelator,

known as an ‘Etectrur.*,', which consisted of a short stator as a

carrisr for the aircrac: <nd a long ' squirrel. cage' type rotor.

It was not until the widdle of the 1950's that most of the analysis

of the livesr induction motor started, By that time, it was analysed

for the liquid metal pump and the selt osciliating linear induction

motor??? for shuttle propyision, In the last twenty years, it became

clear that the linear iachine could advantageously be used in many

applications, and investigation were made in many countries, in-

eluding the possibility of using the linear induction motor for high

speed ground transport. r

‘The object of the present project is to study the performance of the

single-sided linear induction motor and its eljectromechanical

stiffness and damping, It includes the prediction of the following:

=10'=
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cf)

(c)

(a)

(e)

(£)

(g)

with

(a)

(>)

(ce)

(a)

(e)

flux density;

three axis rorces;

flux and force distributions;

terminal voltage;

power flow distribution across the air gap;

roll, pitch and yaw couples;

electromechanical stiffness and damping coefficients in six

degrees of freedon.

the variation of

slip - speed of the metor;

air gap length;

lateral displacement of the stator;

different angles of roll, pitch and yaw;

different velocity in six degrees of freedom so thi the

electromechanical stiffness and damping coefficiervs can ne found.

The clectromechanical stiffness aad damping coefifi>rrts will provide

data for a further study of the stability of the machine. The results

can be used for designing the guidance cf the linear induction motor.



sis

When an object is in motion, it has six degrees of freedom, the

three translational motions along the three axes 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 three

translational motions along the three axes(x, y and z axes) are

refered toas the traction, normal and lateral directions. The three

rotational motions along the three axes are refered toas roll, pitch

and yaw. See Fig.1.2.1.

Tn the analysis, the three axial forces and the three rotational

couples ere found with respect to different positions, lincar velocity

and rovatioual angular velocity of the stator. Hence the electromech-

anical stiffness and damping coefficients in each of the six degrees

of freedom can be found. In order to caleulat2 the ciitluess and

damping coefficients of the linear induction motor 19 each of the six

degrees of freedom, « three dimensional analysis is essential, An

analytical approach is used in the prescut invessigaticn. By asswaing

a constant current source and a thin current sheet representation for

the stator windings, the field equations in d cant repions’ (air

gap, secondary conductor and back iron regions) are svlved by the

method of separation of variables, and the flux and force dist:-ibutions

are also plotted.

In the amlysis, both the end effect and the lateral edge effect,

which are due to the discontinuity of the stator are considered,

and the skin effect of the secondary conductor is included,

Roon Teck Ooi”

stiffness and damy



In the paper, the stiffness and damping for each of three degrees . of

freedom were found. Besides, there are several warere which have

investigated one or two degrees of freedom of the linear induction

motor.

kK, Overret1? 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

current sheet, ‘so both the lateral edge effect and the longitudinal

end effect are considered.

Besides the two papers mentioned above, there are several machine

auilysis techniques which have been used to estimate the performance

of the linear induction motor, They included different approaches

and these varied from one dimensional to three dimensional analysass

10,11one and two dimensional approaches by Yamamura > using the

fourier transformation; the transfer matrix analysis by Alden &

13 4,Nolan”“; the pole-by pole analysis of Lipo’* ; gencralized machine

theory by Boon Teck Ooi); the finite difference method by Niaar’®,

uuumerous papers study the linear induction motor in one or two

dinensions and stability in one or two degree of fresdom (refs.17~28).

The work in this thesis is closely related to the two papers by

Boon Teck Ooi and K, Oberrotl(refs.8%9). It attempts to complete

the investigation into the stiffness and damping of the linear

induction motor in all degrees of freedon.

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 between the theoretical

i AS



and experimental results. Some of the damping coefficients were
/

ebtained from the experimental results. The magnetic flux densities

in all three directions were measured for comparisen purposes.

-l4e-
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CHAPTER 2 THEORETICAL ANALYSIS

21. Introduction

The model used in this project was a single-sided, longitudinal

linear induction machine having an aluminium sheet as the secondary

conductor. The chosen model can be with or without backing tron.

In the mathematical model, the relative permeability in the back

iron region is chosen as Mal if the machine has no backing iron,

otherwise the relative permeability of the material is used. 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 - phase Winding.

It is assumed that there ave infinite arrays of machines in both

the traction and the lateral diractions( x and z directions) and the

discontinuous current shest in tho x and 2 directions is represented

by a double Pourier se, Tha whole mathematical model is divided

into four regions in the normal direction(-y direction): the stator

tron region, air gap region, secondary coaductor region and the back

fron region. The stator ir region is assumed to have infinite perm—

eability, and only tho field equations in the air gap, secondary

cunductor and the back iron revions are considered, By using the

method of separation of variables in the air gap, secondary conductor

and the back iron regions( namely regions 1, 2 and 3), the field

equations are solved, thus flux and forces can be found. The forces

are calculated by using Maxwell's second stress tensor,

The three axis forces and the three rotational couples are found in

varied positions and varied roll, pitch and yaw eheleke the

electromechanical stiffnesses arg thus obtained.

men =



Also, the three axis forces and the three 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 can~ be plotted,

2.2. Real nodel

The real model used in the analysis is shown in Fig.2.2.1.. and.

Fig.2.2.2.. Fig.2.2.).. represents the model, ssen in the z direction

and Fig.2,2.2, represents 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 traveliing mm.f.. The secondary conductor is

made of aluminium, The back iron is made of magnetic material,

which is in a laminated 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, 
L

The stator windings are half filled at both ends, series connected

and supplied by a 3--phase balanced current. Usually, machines are

-~i1g-



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

Pig.2.2.2..

2.3. Mathema al. model

The mathematical model used in the 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 analytical approach is

<10,18, 30
applied » Since it gives nodiscontinuity in either tire

stator iron or the back iron regions, though certain assunpticns

are made.

In the mathematical model, it is assumed that there are infinite

arreys of machines in both the x and 2 directions, so that the mmf.

produced by the stator windings can be represented by a double

Fourier series, The distance between adjacent machines in the x

direction ( Ly ) must be taken sufficiently long so that there are

no interactions between the machines. The distance taken between

adjacent machines ia the 2 direction ( L, ) is the same as the width

of the secondary conductor sheet. This will give neither flux nor

current flow across the boundaries between machines in the z

direction.

The stater iron is assumed to have infinite permeability and the

stator windings are assumed to be in the form of a thin current sheet,

= 19 =
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Several different waveforms can be used to represent the current

Gistribution in the z direction. They are examined in Appendix Al.

The current distribution inthe z direction for the J. and J, components

( current flow in the x and z directions) are 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 ( J.) is only due to the

overhang winding. The current flow in the z direction ( J) is

mainly due to the winding in the slots within the active zone, There

is also a Je component. 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 overhang

region have the form of a sinusoidal decay, This is one of the

best representations of the stator windings when an infinite wide

etetor iron is assumed’,

In Fig.2.4.3., the current distributions of both a and s, are

shown in the z direction. They are both assumed to be of uniform

maguitude, except at both ends, where the magnitude of the current

is reduced to half because of the half-filled end slots.

The current distribution of Jy in the z direction (Fig.2.4.1.)

can be rspresented by a Fourier series Fi(2), with period i,

90

F(z) = 2 b,,sing.z (i2,)

The current distribution of J, in th: 2 direction (Fig.2.4.2.)

can be represented by a Fourier series FA(z), with period Ls

0

FA(2) = y b Sinz 23.)
n=



where b, and b_, are Fourier coefficients, and

lef

bmx = & Fic) sin%nz. dz.
lz

th

2! | Zdnsnlimal+ = 2basifiab) ~ Beestn)|
L

(a) + Yet (Zk)* =U"

bmz = 2 | Fa(z)cosdmZ AZ.

r-)4 asin - nf)=2dn 4, Zdaaesmsfi) sin( isk)

A -m ©6067

2, represents the lateral displacement of the stator to one side of

the machine, as shown in Fig.2.4.4.. The corresponding a and J

distributions in the z direction are also plotted in the diagram,

Both Jy and < are assumed to have the same distribution in the

x direction, as shown in Fig.2.4.3.. By using the Fourier series,

this distribution can be represented by a function F(x), period Le

~ 22 -
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Similarly the J : component can be

plane by a double Fourier series,

Je =) Fey Foo

z y re Owoz, 2X} (olnx -05t) cos YZ (2.6.)
mst nz-lo

where — Qmnz = 3 Qn bmz.

205. Governing equations

Electromagustic fields are governed by the following Maxwell's

equations?~?>*,

VX B= (2.7.)

Vx =o (2.8.)

v:B =0 (2.9.)

vV.D=Pp (2.10..)

Also, Ohm's Law for an isotropic medium moving with velocity

V is:

J =o(5+VxB) (2.11.)

In order to set up the electromagnetic field equations in

this analysis, a magnetic vector potential ‘A is defined,

B =VXE (2,12,

=



and Va =0 is assumed. (2.13.)

For a medium with constant permeability pt,

Bap (2aZs)

eqns. 2.7, and 2,12. give,

VXE =-8

ae E = -A—V¥¢ (2,15)uw

eqns. 2.8. and 2.11. give,

UxXH =o (E + VXB) 
(2.16)

eqns.2.12., 2.14., 2.15..and 2.16. give

VXVKA = ucCA + Vx0xA - 76)

hese VA =4s( A- Vx vxAt+7¢ )
(2.17.)

Equation 2.17, is the field equation used in the analysis,

As defined in the previous section, the current sheet has two

components only, T¢x,z,t) = (Ix an One Te)

but in the secondary conductor 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 ty component anywhere,

From eqns, 2.8. and 2.12.,

VA = -Uy ; (2,18.)

since J has two components in x and z directions only, the magnetic

vector potential A is also assumed to have two conponents in the

A = (Ax, ©. Az)-
same directions,i.e.

—0r=



2.6. Roll, pitch, yaw, lateral and normal displacement 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 a change in the current distribution of the

current sheet in the z direction,

Roll:

Pitch:

This is represented by a change in the air gap length

8, such thet it isa function of the z co-crdinate (see

Fig.2.6.1.).

g(z) = B~ 0, 2 (2.19.)

where B is the averege original gap length,

‘ 8, is the angie of roll.

With roil, the siator is tilted and the

curren’, sheet »-c2uces a component iy flowing in the y

direction, li (he angle of roli is small, it may be assumed

that the current flow in the y direction is also small,

ec that Jy can be neglected.

In this analysis, tna effect of roli is to shorten the

air gap on one sic? of the machine, and to iengthen it

on the other side,

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.)

e(x) 8) ex (2.20.)

—3t



Yaw: This can be represented by a change of a lateral

displacement of the current sheet, Zo» $0 that it isa

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

2=0.x i (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 roiation 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 direction displacement:

There is no electromagnetic effect on the displacoment

of the machine in the x direction except in the change

of the origin of the Cartesian co-ordinate,

Normal direction displacement:

In the mathematical model, this can be represented by

a change in the air gap length g,

Beane, uy x22)

Lateral displacenent:

In the mathematical model, this can be represented by a

change in th2 sideways displacement of the current sheet

2, (see Figi2.4.4.)«

zy(x) =s (2.23.)

See
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In general these rotational angular displacements(roll, pitch

and yaw) and linear displacements can be represented by two equations

e(x,z) and a(x), where

ia(xz) =0,x-O,2+y, (2.27,)

(2.25.)iH D N + Nand 29 (x)

g(x,2) is substituted in the boundary conditions after the field

equations are solved, and 29(x) is used as one of the parameters

in the current sheet equations(eqn.2.4. and eqn.2.5.) in solving

the field equations,

2.7. Stator linear ve ty and angular velocity

In the analysis, the stetor is assumed to be stationary and the

rotor moving. The origin of the co-ordinate system is placed on

the bottom surface of the secondary conductor(see Fig.2.2.1.).

Whenever there is a motion in the stator, either a linear motion

or rotational motion, it is reflected inte the secondary conductor

so that the conductor moves at tne same velocity but travels in the

opposite direction,

The linear velocity is defined by a velocity vector q where

V=( V2¥,o¥,)

This is used so that it enables the electromechanical damping

coefficients to be calculated.

The rotational angular velocity is defined by U

os (ot, 50,)

— 35 -



= (6,56,50,)
/

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

the linear velocity by the equation?»,

V =0xR

where R = (x,y,z)

In general, the linear velocity and the rotational velocity can

be included in one equation and expressed in terms of the linear

velocity only.

Veotal= V + oXR (2.26.)

2.8. Field equations

The electromagnetic field equations are defined in cnree regions;

the air gap region, the secondary conductor region and the back Lron

region. These are shown in Fig.2.8.1. and labelled region 1, region 2

and region 3 respectively. The field equations in these regions

are derived from the governing equation(eqn.2.17.),

25 pe ay a iVA =ac[A - Vx xh + V6}

and they are discussed separately as follows:

Region 1 : The air gap region.

Since the conductivity in air is zero,0 = 0, thus the governing

equation (eqn.2.17.) is reduced to a laplacian equation,

VA, ar (227)

= 36s
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Fig 2.8.1. The thiee regians def ined. In

the mathematical model,

Seg 7e



where A = (K 0, A1x? a)

Region 2 :.The secondary conductor region,

By putting J,Boat (hos e ae

and VY = Wee Vea ve )

into eqn.2.17., the field in region 2 is defined by the Poisson equat-

ion, 25 =o _ =
,VAz = uo ji - VXVA +V9}

The term vd is customarily associated with the electrostatic effects

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

the analysis of linear induction inotor?? 49

hence - vA, che fa me Vx vxa}

i.e. Vox sag ofa ext Vy art + (x - obs)

Whiz re (oi oe) + y he
ad Ay + (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

VA: =O ; G23.)

equation,

- 38 -



2.9. Solutions of the electromicastic field eanations

The electromagnetic field equations in the three regions are

solved by the method of separation of variables?+ in terms of the

magnetic vector potential BR. In order to match the given boundary

Conditions on the interface between the stator iron and the air

@4p regions, the particular solutions and the general solutions

of the field equations 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 electiomagnetic field equations in the three

regions are determined as follow:

Hegion 1. The air gap region,

from eqn.2.27., the field equation in this region is,

V?A, =0
i.e. Aix m Ax 4 oAdx. =0o

ax? oy oz*

a Lie ac a
ox” oy? az?

By assuming the solution,

= Xix,£) ¥i(y)Zi(z)

the general solutions for Aa and AL, ares

Ax = 5. > (C Cmte + Cm ip at) 7p

+ (Grn wp Ban + Ginn 070 Bans) xp CloX-tit) as%sZ |

5 Aw 2) » (Gomarpfen + Canty Py op Coben Dik
Az

+ (Cntapbery + Grn 9p pnp xpi Coral sind}
(2.29)

= 39 =



where fraw = on + ye

Region 3. The back iron region.

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

is the same as in region 1 - a Laplacian equation. The solution

will be the same as in region 1, except with different constants C.

The general Ee in this region is, :

Asx is (Gog npg + Can Ong) OND} i -sSCOSIVDn
m=) ns

4 (Gun opp Gun oppo) om Ga ea caidnke ibe

Az = : we Gncapbm wit Ga oxp Sol] y xp jars nz,

* Ginn labia) py oreit)sice|
(2.30)

Region 2, The secondary conduction region.

The field equaticns in region 2 are:

z 1 oAax 4 dtox . ofazVibe = H0{ fan + Wy Ue « (2x - 20)

Poe 3s ‘he eae a) 4 a ie
49 | Abe .

MW

Vas

In the above equations, A, and A, appear in both equations and2x 22

they are said to be coupled, which leads to problems in solving

these equations. This can be overcom? in a two dimensional analysis

by assuming that Ao, is small and can be neglected, only the Ay,

component being considered. in a three dimensional analysis, the

A component is also considered and can not be neglected ( as2x = =

- i



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

46 determine the solutions of the field equations in a three dimensio-

nal analysis, the derivative of Ay, with respect to z is assumed

to be small when compared with the derivative of A

tox, i.e. ah. x he

22 with respect

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

TAax ast Aux - Vy hx 2A = Ve eee}
ax

re) { Ax ~ Vx Pe Wy Sul (.52))
(2.31.)

"VA

Bqn.2.32. contains only A, which is ready to be solved by the
22

method of separation of variables, But eqn.2.31. still contains

both Ao. and Anis Its solution will be discussed later in this section.

Aor (x, ¥-Z,4)

Xozlx,b) Yor(y) Zz (Z)

Let Aaz

eqn.2.32, becomes,

Xie he Zar + Nazir Zr * Ken Yeroe -

=o (a (Koz Yor Zee) + 7 Vx Kore Log Wen be Leh
(2.33.)

The supplied current is assumed sinusoidal hence all the field

quantities are sinusoidal in time.

The solutions for X>, and Z, are,
22

Xsz(x,t) =D £xD) ox-wst)
_ na=00

Za = § za4 ae ze C05 ¥m

Kez =) onKaz

Xor = =oln Xex.



=)usXoz
a 2

eae, Zoz = -¥in Loz

$e Koz

Substitute the above four equations into eqn.2.33.2

(-l2. Yor + You Sra Yaz)> Kez Zaz = 00 (jw Yext en We Yor 4Vy Yoo) Xx,

ie. Yee + Yor (-UOW) +(-ob?- Bye +j OUT jusVOln) Yoz = ©

Yez i chet Ye + dom Yez =O

where dimy = - uly

damn = ~ oly - Bei’ +} nOCW Vota)

The generol solution for Yo, is;

= ~ go. “heeNoz = {inn Oxp Ema} ae | + Ciamn OxPR ol Sin Enwal}

and the general solution for Ay, is,

Aoz = Xaz&:*) Yor¥) Za2lZ)

z y = ne oSEona + Co SinFaat) 209 Emap enya cas
ee ~ (2.34)

where

The field equation of Any in the secondary conductor region

is (eqn.2.32.)!

Vax = yo ey +W =e ez

It is rewritten ia the following forn:

bal : Das) ee a fier

V Ax us Ax + y 20s} uN (2.35)



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

to be as follows:

Ax = Xox(x,t) Yexly) Zx(z)

and ’ eo ‘
3 Cohx-w¢t)Xox =D. Pl

Zox = gin 3. Z

hence, “

Xx = -on Xzx

Zn = ~%in Zax

The above equations into eqn.2.35. give:

“ 5 ’ A

Cole Yox + hv ~BmYox) Xow Zon ~ ME (—JWXox Yox Zox Ny Xeon Zon) =U

ie {Yt Ba Cus) + (obi) Mot en yon Zin = at Xe Yon Za
eS LeYox + Yox Cin + Yoxdanmx = ae (2.36.)

where climn = -UsVy

da 2 2aR= He abet
and Xox Xo

The complementary function for the solution of Yo. on the R.H.S.

or eqn.2.36. is:

(GounCosEannx Y +CiomnSin anne aoe Finn]

The particular integral of eqn.2.36. is:

=z Zaz

(Eating. - Bums) 22x
(Ginn COS Fanny + Qomn SINE amin U)OX Firunl}



where Ean = hw

Acorn“ Chimn avane“Chiion
ge

Fann =

and the complete general solution of Ay, iss

Aye ry {Castine a Gown Sin Gamal) Sin UnZ
mal Web

\oln Vz. ; x }

ce (Cann CoSEa wing U + Cromn Lanne. JoosXme
ie res J ea

-2xp (olex-wl)- xp Ewnll (2.34)



2.10. Boundary conditions 2nd boundary equations

The electromagnetic field at the boundary between two media can
5 7 5 4 2be equated in terms of tangential and normal components? °

The equations for the tangential components, with a current sheet

between the two media are:

Hh. =-5
2Lx 2x

and Ho sheen 0g)
lz 22 x

see Fig.2.10.1. and Fig.2.10.2..

In terms of magnetic vector potential q,

VE gD Aiz, a oa eewonos 2s.
Holl: Qy Aelber oy

and ~ BI Ax 1 >Aox Bs

Moth; 24 * Tolls “ag” *
where suffixes 1 and 2 refer to medium 1 and medium ? respectively,

and we and ie are components of current density betvos:. the two media.

In the normal direction, the component of the flux lcusity B.

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

density in medium 2 at the boundary (see #ig.2.19.3.), i.e.

B
yi = %y2

In terms of the magnetic vector potential A

Ax ~ ahAz . dA _ of
oz ox oz OX

Since A, and A, are independent variables, they can be written as

two equations,

ofix a dA2x

oz oz

aA - _oAxz
a a

and

-~145 =



There are three defined regions, region 1, region 2 and region 3

(see Fig.2.10.4.) and one undefined region, the 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 08)

3. between the secondary conductor and the back iron region ( 75 = 006

Also, there is one more boundary condition at y =-00 , where the

magnetic vector potential “A needs to be defined, The boundary

conditions at various interfaces are as follows:

Between stator iron and air sap region ( y = g):

The permeability in the stator iron is assumed to be infinite, so

that there is no normal component on the stator surface to be equated,

The tangential components are,

Aix _

oa eu eae Ix (Ze) at y#gK%2 (aides

Ze = ~ Jz Zo) at Yrg@2) (2.39.)

Boundary between the air gap region and the secondary conductor

region( y =d):

Normal component are,

Aix . oAex at Yes
oz aye (2.402)

Az OAzz at y=8"

and Ox ox 
(2.41.)

Tangential components ares. .

ofix = 2 Ax oc =oi oy vy (2.224)
oAz . DAZ ot y=d (2523.)
2g oy

~ 16 -



Boundary between the secondary conductor region and the back

iron region ( y = 0 ):

Normal components:

2Ax . Asx
OZ, 1- * uke

Az _ Ax
ox OX

Tangential components:

Ohx .! oAzx

ay Ais ay
_ | dAsz

ay | Fas 85

aty=0

aty =0

at y=0

at y=0

Boundary conditions at y = - 0:

Since the flux density is assumed to be Zero,

u 1 8at y

Sh

(2.44-)

(2.45)

(2.46.)

(2.47.)

(2.48.)

(2.49.)



Fig. 2.10.1. Boundary with Jz component.
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between two media.
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2,11. Determination ef the field quantities

In section 2.9., the magnetic vector potential ia the three

regions (4), a, and 45) are obtained in terms of constants C

and Cl in six different equations (eqn.2.29., eqn.2.30. and

eqn.2.31.). ‘There are twenty two unknown constants in these equations

(Cc C.mn? Cama? Cann seeteees* Cyomn 24 Cys Coan eoeeeer ee aon)e

By substitution of these six equations into the twelve equations

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

to eqn. 2.49.) and by equating the ne and nt harmonic of the

sink: and coskpz terms separately, twenty two equations can

be obtained(seo Appendix At). The values of the twenty two unknown

constants @ can be evaluated fron these twenty two equations. The

long winded manipulation of evaluation of these constants is not

shown in the thesis. However, after the constants e baon

determined and substituted back into eqn.2.29., eq 2.20. aw

eqn.2.31., the final solutions of tha magnetic vector sotential a

in the three regions are as follows:

~50-=
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A, o CAre O, Az )

Az af (Ax, 0, Azz)

A; 5 (Ax, 0.Asz)

An i S - f Bp il calpay 5 sity): Mea el el

zs Ye Goes (2) =f2) - Cosh Bona G -y) 2p; (clox-vst) ra
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2.12. Magnetic flux density power flow

The magnetic flux density follows directly from the definition

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

B=yya

ite y k

oO AAx

i.e. =< OzBx Sy

A

By a claws dAz

eae
Each component: of 5 requires the differentiation of A_ and A,

x

with respect: to the thro? co-ordi 23 X; y and’ 2 Since A. and A
x a

are in terms of the Fowler series, they can be differentiated term

by term.

The net power {low across ths air gap can be found by using the

Poynting Vector, where

P=EXH

The active power flow in the y direction is,

F edits. ae Egoe = Re Gye, - oe,

Ax= ay Re Gus 24 pay (2.53.)

The total power flow across imary to the

secoadary of the machine is,

(2 bb
Bea = “Te ePe(Ae 3 ate «Abed AGL)

tb bb



2.13. The thre: forces

/

The electromagnetic force of the machine is found by using the

Maxwell's second stress tensor@??34, The forces generated on the

secondary conductor are due to the interaction between the current

a » and the magnetic flux B passing through the conductor,i.e,

f OX 8

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

whole secondary conductor,

me Jame (22552)
Vv

The vector (TXB) can be written in the form of a divorgence of

another Tensor, ‘Ty i.e.

div, T= 3X5

Substitute this into eqn.2.55. and by using ‘ne Dive.yc..ce “corem,

gives,

F = [ div T ).dv
Vv

“| a (2.56.)
The volume iategration becomes a surface integration, where

Le Che Hf HE) ately phil
TFL pty = BOB) athe

plelle pellet — ARE at)

and S represents all the surfaces enclosing the secondary conductor,

where the forces are produced.

anb5S



In finding the three axis forces, the choice of surface of the

integration is quite arbitrary, so long as it encloses the secondary

conductor where the forees are produced. In this analysis, 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, 5) and S55 are used as the

surface of integration (see Fig.2.13.1.), where

8): yd Lee x Ly

8,2 y=0 LAS 2¢ L/P

since in the mathematical model used, thers is no (ix Grossing

the surface dx-dy (at z = L/2 and z= -L/2 ) and tho surfaces

dy-dz ( at x=L/2 and x= =L/2 ys

From eqn.2.56.,

Fs [Rar = (F585 F.)
xyes a

8:5) +S,

The total three axis forces are:

on | tps Hy dxdz

Si#So,

Fy = | ga ubrd- we) dete
SitS2



Fz a | ty Hz dxdz,
Sith,

where Ps Fr. and FP are the time averaging forces in the x, y and z

directions respectively.

Differentiating F with respect to x and z gives the force density

distribution function on the secondary conductor surface,

Si aterar $(x,Z)

= (fe Sy fe)

y28 3 zftt Hy ie
57 AE CHE HGH)

and Ke ply

yao
i aot HE)

57 AHHf = aptly He
Y=

In finding the three axis forces, the integration of f over 3$
to

and 85 is evaluated by numerical integration in this analysis. A

three-point Simpson's Rule is used to integrate along the x and the

z directions.

Fe | $x, z) dx dz
S82

= | sorddede s J sound
Si Se

= Ly " KIL J 7)AnAs +kKIL sss}
kel ust =

eS)

a A.



where I and K are the number of intevals taken along the x and

2 directions for the numerical integration.

and

Ax = bx/z

Az =lz/k d
Xi = -b¥OA + AKL
Zu -l2/2 + AZ

KK(R}wscad . ogee gk tat f
R

R a> aauha
LL 1)NO me: ow

it



Fig. 2.13.1. Susface of integration Sr and Sx
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2.14. Roll, pitch and yaw couples

The equation for the moment is 2

M=FXR
where R= (x, y, 2 )

The moment of a thin plate having a force density distribution a

on the surface along the x and z directions is:

- |e R) dedz

(Mr, My ,Mpd

and. My = fo(fy-z - fz-y) dxdz

=f, (Sex - 3x-z) dxdz

Mp =| Chey ~ Sy-xydxdz
S

"M

In this analysis, the total moments of the three rotationzi couples

are found by numerical iategration, using the same method to

evaluate the three axis forces as in the last section. A three point

Simpson's Rule is used, thus

ee

Mr = &) x I- kK (Fy(Xi,z9) Ze -felvi,z@)- Yer AvL

My = +2 =i IE-KK -CheCx.,Z0) ic ~ AlXi,ZQ ZAcL
Mp = fo ze IE “KK -(ficlxiyze) Vie - FX, Z4)-Xi And

a = 2059.)

- 60 -



2.15. Induced voltage in the primary windings and the
/

constant voltage operation

In the previous analysis, a constant current source excitation

is assumed, and the primary resistance and leakage reactance

were ignored, This section relates 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 aT and the primary reactance

% can be obtained from the conventional equativns='2972,

Ki - fbi N _
2s N'Le_ ohms at 75°C 2.59.)
(Or Ge

where N = nunber of turns in series,

L, = mean length of turn in cn,
t

and a = total copper cross-section of windiag in Soware cm.

x =2 mf-Lo+ number of coils per phase 62.60)

where 1, = MANS CALL + 2.dqC Lm -Lid)

N, = number of turns per slot,

Ly = length of conductor in active zone,

L = mean length of a half turn, :

q = number of slots p2r pole per phase,

and XA = slot Pecmeatice ratio.
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The primary input voltage vy /p is,

Vite = LR +X; or Vin/N2
where qt, = primary input current

( 2.61.)

Page induced voltage in the primary 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,

Via = -n oe
where N is the number of turns of coil AB

and wb is the flux passing throuch the coil AB.

Vis = -N¢e { B-ds
5

ude ((0xA)- 45u

eady vxA). d&
Ss

by Stokes! Theorem,

Vp «jw O A-dl
“AB

=-jyoN An-dx + Az-dz ( 2.62.)
AB

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

Fig.2.15.2., S is the surface enclosed by the coil AB and di is

the unit lenzth along the

The magnetic vector potential

is located, can be

~ 62-



and z =0

into eqn.2.50., that is, the stator is in a steady state condition

without any lateral displacement, and is travelling in the x direction

only with a velocity Ws The value of AL and A would be in the

form of:

20 og

Ax e » a Kus ‘ amp Cnx—w5) -SinYnZ.
Merl n=-8

and é 9

Az = on de Kenn «exp Colnx- wh) - cost.
Msi Heo

where K na K ace constants and de na thesone ‘amn' ete star and depend on the machine

paremeters and the machine dimensions.

By integrating ecn.?.€7, 1.0 six different sections,

~ al | A-ab

= -jwh { (A ab, +A-dbe tA dbe rAd +A-dbs+A dle)
Since the coil AB is symmetrical about the x axis, thus

fA-di = JA-dts

JA dl, = ja-dh

Vas = [2 edistad®) + | Rede + P iy-disthed,
1 R2 4

+ Az-dz.
bs

nVas

= 63 -



Van = x Ps (2k emn ap snX-uit Sudinz AX +Z Kan expjlalur-ct os
Ys=-4o

Qi t Z=-mex-Ke) Cr

FI CkKewn exp) lknr-uit. YomdnZ-dz)
AD > Xe KorXs

+ ((2ksom Oxp§ nt-sstSindaiZdn + 2 Kemncrpy der tibden stn

fg: Dem x-¥ad4Cr

+ | (Ye mntxpy Cobnx-tdt) casYnZ-dZ)

45: X2XarXs

The procedure of all the mathematical evaluations of the value

Yap is not shown in this thesis, but the final equation after the

dutegration is:

yy

hain . Karun C- tnYncosdnCr + ix SncoadnXr CasonVag a x Eee goal YmcosdnCr te dincaadwXs Asdin

tol sinclnXe SinYon%

“1 miKeonna neaxinCr +n coeWnXicodin bey tn sinctXishd

tL Komn fem SindlnXi inka] i axplynit Gj I

(2.63.)

wher, "= my “C1
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Vag is the voltage induced in a coil in the primary winding

depends on its location, Xy> along the x axis. When the primary

windings are ssries connected, the total induced voltage per

hase is:

iu total no. of coils per phase

Wes be Vea (Xa)
1

The total input voltage ‘i/o is directly proportional toe the

primary input current q) by assuming a constant perneability.

The input impedance Z,_ can be found by the equation:
in

Zin = Rivjx + Yad

where View is a slip-dependent variable.

For constant voltage operation, the primary input current I.
a

ean be found by, m

Le Vin.
een

and hence the forces and the flux deasities at this particular

input voltage can be obtained since 1,( Jy) is known,

Both forces and flux densities are evaluated using an arbitary

eurrent sheet density Jy» and their values for a constant japut

voltage can be obtained accordingly by the relationships:

Pee

Bal

165
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CHAPTER 3. MECHANICAL EQUATIONS OF THE LINEAR INDUCTION MOTOR

3.1. 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( vertical motion and pitch occurring at the same

time), in order to show how the mechanical equations of the machine

in more than on degrec of f-eedom are formulated. In section 3.4.

the mechanical equations of six degrees of freedom are discussed

and formulated.

3-2. Mechanical equations tyr one degree of freedom

Fig.3.2.1. depicts a l'ncar induction motor, the machine being

allowed to move freely in the vertical direction only, The electro-

magnetic forces generated in this direction( y direction) can be

simulated in terms of mechanical components by a spring with stiffness

Koo and dash pot with damping coefficient 6. The mass of the stator
227

is assumed to be concentrated at its centre of gravity, The mechanical

equation for this type of vertical motion is usually represented in

the forn”?? Ee

~ 68 -



, MY + Gay +Kay =Fye (3a)

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

case,

Fye = mg

where g = gravitational acceleration

C55 corresponds to the rate of change of the force in the vertical

direction with respect to the velocity in the same direction.

Koo corresponds to the rate of change of the force in the vertical

direction with respect to the displacement in the same direction.

i.e.

Co. = OF
ey

and es 2

If the machine is not allowed to move in the y Aizeetion, but

instead, allowed to rotate along the z axis, as shoin in Fig.3.2.2.,

the electromagnetic couple generated by the motor in this rotational

direction can be simulated by a torsional spring and a @ach pot with

stiffness coefficient Kes and damping coefficient Sees This

rotational motion is represented by the equation:

A. + Ces Ber KecOe = Tee (3.2.)
where I, is the moment of inertia of the, stator along the z axis,

6, is the angle of rotation( angle of pitch),

and ee is the external torque applied to the system.

In the configuration given, T =0
ze

The stiffness and dar ing coefficients, Keg and Cee are defined as,

Cee 2eo Oa

2360s



ote
and Wee = DOz

3.3. Mechanical equations for two degrees of freedom

In the previous section, the motion for one degree of freedom was

discussed and the mechanical equations were formulated. Ir the

same machine is now allowed to move freely in the vertical direction,

as well as to rotate about the z axis, the force gens,ated hy the

motor would be coupled together in these two degrees of freedom,

In order to describe the mechanical motion jn these two d

of freedom, two simultaneous differential equutions cre needed.

They are:

my + Lay + Coz Kay + KesBx= Fue ( 3.3.)

and tebe i Gay + Cob Keay bree Oz= Ize = ( 3.4.)

The first equation represents the motion in the y divestion,

Compared with eqn.3.1., two extra terms are introduced, Cae Oe and

Kop Bz + They are forces due to the cross coupling between the two
degrees of freedom, and Coe and Kon are defined as:

Cae = Of

the rate of cha ge of vertical force in y direction

with respect to the rotatioaal velocity in 2 direction.

= 9Qns



and Koz = oh
ahz

the rate of change of vertical force in y direction

with respect to the rotational displacement about the

2 axis.

fn eqn.3.4., there are also two extra terms, Kery and Cozy y

They are the torque generated along the 2 axis due to the displacement

of the machine, and due to the velocity of the machine moving in the

y direction, They are defined as:

Kase.
ay

and

Ca= ae
ay

The two simultaneous differential equations(eqns.3.3. and 3.4.)

een be rewritten ia matrix form as follow:

Tm oO] [¥] [eas Gel fy kia tex} [Y
os oeslo Iz] 6:1 ~ | ca Cool 16 Kea Kea Ox ~ Tee

re :
. 

= 
t

Pra) + (CUE + BOR] = OF Lae
where [MJ)is the mss matrix including the mass of the machine

and the moment of inertia,

(c] is the damping coefficient matrix,

[Kis the stiffness coefficient matrix,

and RJis the positional matrix.

= 7 =



3.4. Mechanical equations for six esrees of freedom

In order to describe the mechanical motion of the stator in six

degrees of freedom, six simultaneous differential equations are

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

IMB] « [JR] + [AR]

IM] =

[{R)

[c}

Ik]

[Fel

n [Fe] ( 3.6.)

a

0

4

TtCon ogo eoo see x of OOooDFroCpoD OO0

0~~ Spor os Ax Oy, az)"<

C3 » 0 6X6 damping coefficient matrix
Ki » 2 6X6 stiffness coefficient mairix

LFre, Fye ze, Tee, Tye. Tze |

and,

- mis the mass of the stator,

Ls a and I, are the momentgof inertia of the stator

along the x, y and z axes,

8,» 6 and 6, are the angles of rotation along the x, y and

Z axes, i.e. anzles of roll, pitch and yaw,

Gi | oFi the rate of change of force or torque in the
i= ; :

i°" Girestion with :nespect to the change of velocity or
angular velocity in the a direction,

=
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Kije AF the rate of change of force or torque in the
aRj

qe direction with respect to the change of the displacement

th
or angular displacement in the j direction,

od (k} are forces or torques which generated due to the changes in

the position of the stator, and [oJfR] are the forces or torques

which generated due to the changes in velocity or angular velocity

of the stator in six degrees of freedom,

In order to relate the three axis forces and the three rotational

couples to the analogous mechanical vibration system in six degrees

of freedom, all the forces aad the rotational couples have to be

evaluated for different stater vositions and different velocities.

From the defiuition of Ky? dirferentiating the electromagnetic

forces or couples Fi with respect to the displacement Re gives the

stiffness of the analepevs mchanical spring. Similarly,

differentiating the forces or couples Fy with respect to the velocity

«

ty gives the damping coefficient of the analogous dash pot.

= t=
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CHAPTER 4, THEORETICAL RESULTS

4.1. Introduction

In this chapter, theoretical results are obtaiaed for the test

machine, a specification of which is given below,

length of stator

width of stator

air gap length

thickness of the track

conductivity of the track

supply frequency

number of phases

current sheet density

pole pitch

synchronous spoed

width of overhang winding

width of conductor as,
o

= 0,53m

= 0.08m

= 0.01m

=0,003175m

= 35000000 S/n

= 350 Hz

=3

45000 A/in

9.113m

= 79m/s

= 0.04m

= 0.24m

The length between adjacent machines in the x direction, must

be sufficicntly long to avoid interactions between machines, as

explained ia section 2.3.. A ength of Ly. = 1.25m, proved sufficient.

The distance between adjacent machines in the z direction should

be the same as the track width. In order to avoid indeterminate

value$in the double Fourier Series of the form 0/0 in the computer

programming, L, was made slightly smaller than the actual width of

the conductor, so that it would not be in an integral multiple of

1
2° 2

L = .2395 was chosea,

All the calculations were based on the values: /

= 0.01noa i

2. = 0.0m

= 0.0 rad,@ !

- 7 -



8 = 0.0 rad.

i, = 0-0 rad.

W= Vey

@

Vv. *s m/s

V_=0.0 m/s
y

V, = 0.0 m/s

and od uy = 0 = 0.0 rad/s

unless otherwise stated,

The machine was assumed to have half-filled end slots at both

ends 9 Ly and 1 were taken as:

J = 0.48m

q 2 = 0.313:

The number of terms used in the double Fourier Series in the x and

% directions were,

N=-21 to +21

M= 0 to +31

tea of N=-c to +00

and M= 0 to too

which allows space harmonics of 21 terms in tn x direction

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 sections 2.12. and 2.13.), the

number of intervals taken in the x and z directions were:

I= 51

and K = 25

35, 36,37Carter's Coefficient was used for the determination of

the effective air gap length of the machine,

~ -SP(5¢_+ Su)

Serrective = see A &



where g is the actual air gap length,

/ SW is the slot width

SP is the slot pitch.

The values of SW and SP were asswned to bes

SW = 0.01im

and SP = 0,01667m

All the results were computed by using the ULCG CDC 7600 computer.

The graphs of the flux patterns were plotted by using the hardware

package DIMFILM. The three 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

DIMPILM users guide), The language used is FORTRAN. The comouter

programs are included in Appendix A3.

4.2. Flux and force distributions

The flux density and force density distributions of tho machine,

with the given dimensions and parameters, are piottes in Fig s42ele

to Fig.4.2.6.. The first three diagrans show the three compunents

of flux density B, ioe. Bs B, and B. in the 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 on the secondary conductor sheet with

8 = 1.0 and s = 0.2, All the graphs were plotted on the xz plane

between,

°0,.75m S$ x ¢ 0.75m

-O.lan ¢ z ¢ 0.12n

= 9s



The total three axis forces at s = 0.2 were,

uF ae ON

F = 32.0Ny 3

and Fr, = 0.0N

The lateral force on one side of the machine, Pow was found by

integration of £5 over half of the secondary conductor plate, between

-0.75m€x < 0.75m

0.0m ¢ 2¢ 0.12m

and Le 1.5N.

The three rotational couples were,

M = 0.0 Nem
r

M = 0.0 Nem
y

M = 0.5 Nem.Ib 5 Nem

Since the machine is placed in a symnetrical position, the moments

of roll and yaw are sero,

The power flow across the air gap at y = .0C527n was plotted in

Fig.4.2.7.. It represents the real power flow across the air Zap.

The: total power flow across the air gap was,

= 355.W ats ut be cS

737.088 at s = 0.2! u

ze
y

nd P
: y

Fig.4.2.8. shows the flux density, distribution a along the x axis

(2 = 0.0) with varied slip s at y = 0.009175m
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4.3. Flux patt: 2 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 A, component between,

-0.24n¢ x ¢ 0.24

0.0264 $ y ¢ 0.01375m

andat z= 0.0m,

This was only possible for z = 0.0m since,in this case, one component

of B is equal to zerotB, = 9.0), The flux patterns were plotted

at t = 0.0 and from s = 0.0 to s = 1.0 at 0.1 slip intervals,

-~ §8 =
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4.4. Hlectromachanical stiffness coefficients

The three axis forces and the three rotational couples are plotted

in Fig.4.4.1., with the variation of different positions of the

stator. There are ‘six variables F,, for the vertical axes on the

graph(F,, By Poa Ms My and M,). They are plotted against the

variables of another six variables B(x ¥as3.5 OL 8, and 6,)s

on the horizontal axis. In order to complete the variations of F,

with respect to each of the variables of Ri, 36 graphs are required,

They are presented in a form of a six by six matrix.

The plotting of each graph in Fig.4.4.1. 18 FF against R,, where

i is the aumber of row and j is the number of column of the matrix,

The dotted lines represent forces or couples on half of the secondary

conductor};

a u 0.0 to L/2

and x= -L,/2 to Le

Since they are of the same magnitude and in Cpposit2 direction on

both sides of the conductor plate, the total net fo. o.s and souples

on these grapns would be zero,

By differentiating the variables oa the vertical axis tae with

respect to the variables on the horizontal axis Rp give the

electromechanical stiffness coefficients, as defined in section 3.4..

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

Wie Lee CaS 65 i 0.0), the electromechanical stiffness coerficient

matrix is:

QO -200 10 0 O° 25

Oo 667 0 0 01. 20.

0 Oo -13 -35 0 0

10 0 0 42 0 0

0 0 0 -4 0 0

0 60 hy 0 0 2

= 95 =



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

state. As explained in section 2.6., there is no electromagnetic

effect when the stator is shifted in the x direction, thus

aki

aR = 0.0 Bele G
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405. Electromechanical damping coefficients

The three axis forces and the three rotational couples are

plotted in Fig. 4.5.1. in the form of a six by six matrix. Each graph

represents the variation of Fy against Ry where i is the number of

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

“Fi Lah6 = (Fx, Fy Fz, fe. My Mz)

R; alé (Vx; 2, Wx Dy, Wz)

By differentiating the variables on the vertical axis Fy with respect

to the variables on the horizontal axis iy, give the electromechanical

damping coefficients.

AFé

aR;
Cij s

=nOe =
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4.6. Relationship between input voltage and constant current

excitation

As described in section 2.15., the equation to relate the constant

primary current excitation to the input terminal voltage was,

Vilp = L(R.+3X1) + Vif
By substituting the following parameters,

@» conductivity of copper = 5.9X 10%S/m

Nie no. of turns per phase in series = 400

1.5 mean length of turn = 0.44n

2
cross-section of the copper wire = 0.00000177m~

SP, slot depth = 0.04m

and the parameters given in section 4.1. into eqn.2.59. and eqn.2.40.

R, and x were found to be:

RL = 1.58

4 = 31.22

and the primary impedane> wast

2, = 31.24 2-869 2.

The total induced voltage of the primary windings With variation

of slip was obtained from eyn.2.61.. This was added vectorially

to the primary resistance and leakage reactance voltage drops,

to give the total terminal input yoltage(see eqn, 2.60.),

The input 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 current at varied slip.

As an example, the voltage induced in the stator windings is

calculated at s = 0.2, Fig.4.6.2. shows the location of one phase

of the three phase windings in the stator. The corresponding voltage

induced in these coils were?
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Vy = 12.53 2.56.8°

V, = 15.82 2.85.8°

Vy = 25.93 £58,2°

V, = 27.50 288.3°

Vv, = 29.50 2.61.8°
we

Vg = 29.85 L92.1°

V,, = 28.83 £64.7°

Vg = 27.852.95.3"

when Jy = 45000A/m or qt = 5.68 ( for experimental results,

see Chapter 5).

The input primary negative yellow phase current was taken as

the reference phasor, since the coil with the yellow phase current

supply is situated at x = 0.0.

The total induced voltage is:
8

tv; ‘AB

VinflZ = 190 Z:76.3°

for a series connection, the terminal voltage is:

Ve = TC ajyX.) + Vinh

= 208 279.0°
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CHAPTER 5



CHAPTER 5. EXPERIMENTAL RESULTS - STATIC TEST

51, Introduction

The purpose of the experimental test is to verify the theoretical

results obtained in the last chapter. The tests include the

measurement of the three axis forces and the three rotational

couples, terminal voltages and the measurement of the flux 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 arrangement and results being discussed in the

next chapter. The static tests were performed in order to verify

the predicted flux deruxty distributions along the loagitudinal

and tranverse axes, and the forces developed at standstill. The

dynamic tests were carried out in order to give additional experimental

results to corielate with the predicted three axis forces under

dynamic conditions.

The construction of the apparatus and the method of force

measurements will be discussed in 4 later section,

5.2. Description of the static test LIM

The machine under test was a single sided linear induction motor

without back iron, and was designed to have a maximum synchronous speed

of 285kn/h( at 350 Hz). The hine was supplied by a generator of

S5KVA, 7.5A, A50V, with +

Full details of stator dimensions are given in table 5.2.1. and
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diagrams of the stator are shown in Fig.5<2.2.

TABLE 5.2.1. STATIC TEST MACHINE DIMENSIONS

stator width 0.08

stator length 0.55m

core depth 0.038m

slot width 0.013m

slot depth 0.038m

slot pitch 0.019m

nunber of turns 50 turns per coil

rotor conductivity 35060000 S/n

width of overhang winding 0.05m

pole pitch 0.113m

number of phase 3

Syachronous specd 285km/h

winding 2 slots pep.p.p.

slot type Open

The stator was 80mm wide, and comprised of 126 sheets of laminated

iron, each of 0.63mn thick, The laminaticas were pressed together

end seevred by six bolts. The rotor conductor sheet was made of

aluminium of 3,175mm thick, SOnm lomg and 240mm wide.

The machine was suoported by four bolts to allow different stator

positions in roll, pitch and vertical displacement by adjusting

the positions of the lock auts to give different air gap lengths

betwesn the stator and the coaduetor plate. The yaw and lateral

displacements were achieved simply by rotating the whole stator,

or by moving the stator ia the lateral direeticn respectively.
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Force measurement techniques5.3.

fn order to measure the three axis forces and the three rotational

couples under static conditions, a mechanical system using-strain

gauges was designed. The basic principie> 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, Bogs B 45 and Boo

an additional bar By was attached to Pon through a double row

self-aligning bearing,

Two pairs of strain gauges were attached to the four surfaces

ot each bar, which enable forces to be measured in the y and z

directions, The positions of the strain gauges in “he three horizontal

bars are shown in Fig.5.3.2.. The strain gauges were fixed onto the

oavs in pairs, one pair( gauges A and B ) on the top and bottom

surfaces for measuring forces in the y direction, and another pair

{ gauges C and D) on the other surfaces for measuring forces in the

2 direction, This arrangement will give independent force measurement

in both y and z directions as well as temperature compensation,

The total three axis forces will be the sw tion of the three axis

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

Fe F.
x pas

=F.
nN

+ ra
wr

* he)
<i

F
y
a

" i} * io} + ta Scie)w en oOZz
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The three rotational couples will be the differences in forces

measured from each bar, and then multipled by the distance between

the corresponding bars,i.e.

Meh so aE
Mae OES Ears Lb,

m= ( Fy -F, + Fy )-L eee!)

The self aligning bearing was introduced between bars BL and Bens

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 Bs

Ben and Bp. Bar By was solidly fixed to the framework, while22 45

buns Bo3

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

and Bis 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 strain gauges in bar By only.

All the aluminium bars carrying strain gauges were 25cm. long

and 1/2 inch square cross sectional area. They were designed to

earry a mazxinam loading in y and z directions of 50N( maxiaun
yield 510 microstrains)., The strain gauges were single filanent foil

type,having a resistance of 120.Q each and a gauge factor of 2,0,

The location of the strain gauges was 3.0cm away from the .

secondary conductor, giving a change in resistance of 0.096.

in the corresponding strain gauges when a force of 50N was exerted

at the end of the bars in corresponding directions.

In order to convert th2 signals from the strain gauges to a

measurable level( there was only a change of 160KV in the strain

gauges with a 10V d.c. supvly and 1N 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 inverting operational amplifiers

( see eqns.5.1. and 5.2.), so that a direct readiag 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 operates in an unbalanced state.

There are seven Wheatstone bridges for the seven input signals(F, to F,)

and each bridge carries a pair of strain gauges(R, ). Any changes

in resistance ea the strain gauges are picked up by the voltage

followers, The Wheatstone bridges are supplied by a stablized

d.c. regulator of + 2.8V.

The second stage of the amplifier is a voltage follower. The

voltage followers 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 invertor 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 Ree The

resistors Re are 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 values of the components used are:

R. : strain gauges, 120() nominal.

Ry 2 multiturn preset resistors, 262k.
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Ry : input resistors for voltage followers, 2.2kQ.

Ry & input resistors for invertors and final amplifiers,1k2.

R, 3 feeaback resistors of invertors, preset type, 1kQ.

Re 3 feedback resistors for final amplifiers, IMQ

bias resistors, 1k{L=
input resistors, preset type, 1k

The output voltages from the final stage amplifiers are connected

to six digital voltmeters, which enable the three axis forces and

the three rotational couples to be measured simultancously.

After the amplifier was constructed and tested, the output voltages

were found to have e s’Lstantial noise level, In order to eliminate

the unwanted noise signals, a low pass filter ‘consisting of a simple

R-C circuit, wes added to each cf the final stage output amplifier.

The output voltages weve adjusted by means of the feedback resistors

Rg, and using dead weight calibration.

The overall static test setup is-shown in-Fig.5.306~ and Figs5.3.7e«
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Fx = Fi ;

Mx =(Fs-Fe)-L,; My2( Fa+ Fe -Fe) Lp 3 Mz (Fi-Fe-Fs)-L

Fy= Fa + Fs + Fy 5 Fe =F3 + Fa + Fe

Fig.5.3.1. The arrangement of force measurement

— static test



Fig. 532: Rosition of strain gouges on bars

Bos, Bas ond Ber.
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Fig. 5.36. Static tect arrangement
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Fig. 5.3.7. Static test arrangemenl”
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54. Exoerimental results - static test

A description of the machine and the method of measurement has

been given in the last section. The machine was tested statically

with a constant current supply of 3.45A at 350Hz( equivalent

current sheet density J, = 24500 A/m). The same current was

maintained throughout the test in order to simulate tha constant

current excitation in the theoretical model. The three axis forces

and the three rotational couples were measured with different linear

displacements and different angular displacements. The results

voxauplatted in Pig.5.4.1. in the form of a six by six matrix.

When the machine was tn a symmetrical position, the forces

generated in the secondary ccnductor were also symmetrical about

the x axis and identical on both sides of the conductor. Though

there were changes in Poe MY and M, on each side of the conductor

when a variation in certain linear or angular displacements occurred,

these could aot be measure) experimentaliy. In the theoretical

computation, the forces and couples can be evaluated on one half

of the rotor only. Some forces and couples have equal magnitude in

both halves of the machine but act ia opposite directions, thus

cancelling each other. there were no net ehanges in a2 M. and M.

with the variations of > Vo ard 6+

The values of - and M, are toc small for measurement with the

variations of the three linear displacements and the three angular

displacements. No accurate reading could be obtained and they are

not included in Pig. dehelee However, it can be seen from the

theoretical results(Fig.4.4.1.) that the values of uM and My are

also small,
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By differentiating the curves in Fig.5.4.1. with respect to the

variables in the horizontal axes( see section 3.3.)3 the experimental

stiffness coefficient matrix was found:

0. 88.7 9.32 aed 2.5 0

0 263 10.0 1.6 C203)

[x] = 0 Oo -14.6 2.2 0 0

0 0 Oecd Bao 0 0

0 oO 0 ° 75 0

0 0 0 0 0 0

at s=1.0

V,, = 0.0m/s

a 1,.0cm

oe 0.0cm

and 6, = 8, ee 6, =0.0 rad.

The normal force . and traction Be were also uearuicd at supply

frequencies of 50, 15C, 250 and 350 Hz, The variations of these

forces against frequency are plotted in 7ig.5./.2. and Fig ¢.4.3..

Results in Fig.5.4.2. were obtained with a constant current supoly of

3.5A and an air gap length of 2.32em, the results shown in BPigss4e3.

were obtained with the same current supply and an air gap length of

1.0cem., Theoretical results are also plotted on the same graphs

for comparison purposes,

Terminal voltages were also measured with different supply frequeacy.

Both theoretical and experiniental results ars plotted in Fig.5,4.4.

together with the corresponding phase angles. The theoretical resulis

were obtained from eqn.2.6.1. in section 2.15,
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Individual terminal voltage of each of the red phase windings were

also measured at 350Hz. The location of each coil can be refered

to Fig.4.6.2.. Both theoretical and measured values of the terminal

voltage are listed below,

Terminal voltage Theoretical experimental

vy 18.3 eel

vy 20.2 23.2

Vy 23.4 25.5

Vv 4 24.6 i 25.2

Vs 23.8 24.2

Ve 24.6 22.6

Vy 23.5 23.0

Vg oa Reet 18.9.

total voltage 160.0
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5.5. Flux measurements and results

‘The air gap flux densities were measured by means of search coils.

Three search coils ere used and wound, such that their axes were

mutually perpendicular to each other, Fig.5.5.1. shows the arrange-

ments of the three search 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 0.36em” and with 13 turns each were used, such that they would

produce an induced voltage of 0.72nV for ImT at 350Hz.

Due to the construction of the search coils, in practice, it was

difficult to ensure that all the search coils were of equal area.

To overcome this, a G -core was made having-a 2em a1. gap length

anda 3,8 2.0 cm cross section, This produced a kiown

flux density across the 2em gap, and the induced voltages in the

search coils were calibrated against the kaown flux vsncity produced

by the G -core. Fig.5.5.2. shows the search coils -7¢0 p -core

used for the flux deusity calibration,

All the flux density measurements wer: carried out with cons vant

current supply of 3.5A(2450C.0A/m) and 350Hz, unless otherwise stated,

Fig.5.5.3. shows the flux density distribution along the 2 exis

with an air gap length 89 of £.0cemn. The flux measurements were

taken at the middle of the machine( x = 0.0cem). Theoretical results

are also plotted for comparison purposos.

Fig.5.5.4. shows the flux density distribution along the z axis

and air gap length 3 2.0em,. :

Fig.5.5.5. shows the flux density distribution along the z axis

with air gap length = 1.0cm and lateral displacement 2, = 3.0cm.

Fig.5.5.6. shows the flux density distritution along the z axis
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with an average air gap length 8, = 1.0cm and angle of roll,e, =.0333 rad.

Pig.5.5.7. shows the flux density distribution along the x axis

with angle of pitch @, = 0.0182 rad. and 2 = 0.0cem. ( with z = 0.0,

there is no B component. )

Fig.5.5.8. shows the flux density distribution along the x axis

with z = 0.0, and air gap length oe 1.0cm.

Fig.5.5.9. shows the flux deasity distribution along the z axis

with air gap length c= 1.0cm and supply frequency 150Hz.

The phase angles of Bs oe and B were measured with supply frequoacy

f = 150Hz, They are plotted in Fig.5.5.10, Theoretical results

are also included for comparison purposes.
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Fig. 5.5.1. Three axis seorch ceil

- 126 -



Fig. 45452. L-core and search coils
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Fig. 55.3.(a) X component of Flux density . g =lem.
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Fig 5.5. 3tby. component of Flux density
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Fig.5.5.3©) iL. component of glux density

abovs teeth Vay

——*— above slots

= theoretical

perimental

ee a)
Z--------------4 moo

C caaeaeee - A

Fig.5.5.3. Flux density distribution along the
line Z-ZTM~, Bi Icom.

= 129 -



Fig S 541m X component of flux density
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Fig 55.410) Ze component of flux density
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Fig. 556.0) x Component of flux density
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CHAPTER 6, EXPERIMENTAL TESTS AND RESULTS — DYNAMIC TEST

6.1. Introduction

The three axis forces and the flux densities of the machine under

static conditions 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,

@ 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

discussed in the later section, Details of technical data and a

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

662. Description of the dynamic machine and test rig

The LIM used in the dynamic test is basically similar to the static

test machine described in Chapter 5, The main difference is that

in the later case, stator has been made in the form of an are shape

in order to match the curvature of the secondary rotating track ( see

Fig.S.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 bolted together with two steel plates in order

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



was found that 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 were obtained from Linear Motors Ltd.

"Standard A LAM 65mm NEWCOR' type laminations were used,126 laminations

being used in each section, stacked to form an overall width of 8cem 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 turns per coil with 5/6 slot

pitch and 2 slots per pole per phase.

Fig.6.2.4. shows the full assembled test rig. ‘The diameter of the

drum was initially Gesigned to be 1.5m in order to achieve a

perpheral speed of 289km/n(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 materials’ meinly fibre glass and wood) in order

to minimize any unneccssary electromagnetic interference with the

aluminium track,

The drum consists of three pieces of plywood, 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

covered with fibre glass to form the drum surface. An aluminium

track 1/3” 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 concrete block

was coastructed specially by the Civil Engineering Department to

Hygive a suitable firm base support for the whole structure.

igb.2.5r0The sectional drawing of the test rig is shown in

mths =



valor surface
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Fig. 6.2.3. Stator - dynamic test
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6.3. Force neasurement. techniques and results

The three axis forces were measured by using the same system

described in section 5.3.( static test measurement). The basic

setup of the dynamic force measurement system is shown in Pig.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 Bo3» Ns and Ben carry strain gauges which pick up

forces in the y and z directions , Bar BL is joined with bar Bow

through a self aligning bearing, which picks up forces in the x

direction.( See section 5.3. for the description of the force

measurement system in detail. )

Due to the heavy mass of ibe stator( 28 kg), a counter weight

' system is necessary to balenes the gravitational force of the stator.

The stator is hung en the top of the drum by means of pulleys and

counter weighi, so es t1 reduce the initial stress in the three

aluminium pars Bogs Boe and Bone A thin perspex plate 3mm thick

is fixed between the stator and the rotating aluminium surface in

order to vliminate any aerodynamic drag force due to the moving

conductor surface. The amplifier used in the static test was

recalibrated so as to gzt a direct readout of the three axis forces

and the three rotational couples in the dynamic test.

Fig.6.3.3. and Fig.6.3.4. show the traction force and levitation

foree(F and i against slip s for a 50 Hz constant current supply

of 5.0A, and eye 1.0cm. =

Fig.6.3.5, and Fig.€.3.6. show the traction and levitation forces

against slip for a 150 Hz constant current supply of 5.0A, and a5 > l.em,

Fig.6.3.7. 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 5.0A and

Uae 1.5cm,

Fig.6.3.9. and Fig.6.3,10. show the traction and levitation forces

against slip for a 50 Hz constant voltage supply of 54.4 volts, and

ts 1.0ca, The phese current was 5.0A at synchronous speed,

fig.6.3.11. shows the three axis forces(F_, ¥ and Ee) against the

lateral displacement % for a 50 Hz constant current supply of 5,0A,

ay 1.0cm and s = 0.4,

Fig.6.3.12, shows the traction force FY. and the moment of roll against

the angle of roll 6, for a 50 Hz constant current supply of 5.0A,

on 1.2cm and s = 0.4,

Fig.6.3.13. shows the noment of yaw My against the angle of yaw

6,5 for a 50 Hz constant current supply of 5.0A, & = 1.2cm and s =.4.

Fig.6.3.14. shows the momeut of pitch M, against slip for a 50 Hz

constant current supply of 5.0A and a= 1.0cm.

Pig.6.3.15, shows the ncmont of pitch Mu against the angle of pitch

6, for a 50 Ha constant, current Supply of 5.0A, ey d.2on andes w2s

Fig.6316. shows the traction force and the levitation force against

the angle of pitch fora 50 Hz constaat current supply of 5.0A,

&. = 1.2m and s = 0.4.
°

Fig.6.2.17. shows the traction and levitation forces FY and i

against the air gap length & for a 50 Hz constant current Supply

of 5.0A and s = 0.4,

Fig.6.3.18, shows the traction and levitation forces against the

air gap length 8 for a 150 Hz constant current supply of 5,0A and

s = 0.7. j |

Fig.6.3.19. shows the measured Y-phas2 angle and current against

slip for a 50 Ev constant voltage supply of 54.4 volts and 8) = 10cm.»
and Fig.6,3.20. shows the corresponding power factor.
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6.4. Flux measurer nts_ and results

The air gap flux density were measured by means of search coils.

Three search coils were used and they were wound such that their axes

were . mutually perpendicular to each other. Fig.6.4.1. shows the

arrangement of the search coils used in the dynamic test. Due to

the limitation of space available between the moving conductor and

the stator surface, the search coils were made thinner than those

used in the static test. The perspex used to eliminate the aezo~

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,

50 that they could move in the x and 2 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.6.4.5. shows the flux density distribution along the z axis

Yor a 50 Hz supply of 5.0A, Boe 1.2cm and s = 0.0.

Fig.6.4.6. shows the flux dens ity distribution along the x axis

for = 50 Hz supply of 5.0A, a> 1.2cm and s = 0.0.

Fig.6.4.7. and Fig.6.4.8. show the flux density distribrsion along

the s and the x axes for a 50 Hz supply of 5.0A, 8 = 1.2cn and s = .7.

Fig.6.4.9. and Fig. 6.4.10. show the flux density distrivution

aiong the z and x axes for a 150 Hz supply of 5.0A, co 1.2cm and

s = 0.5,

Fig.6.4.11. shows the flux density distribution along the z axis

for a 150 Hz supply of 5.0A, to 1.2cm., 8 = 0.5 and Z, = 2cem.

Fig.6.4.12, shows the flux ones ey distribution along the z axis
for a 150 Hz supply of 5.0A, f= 1.2cm., s = 0.5 and 6, = .075 rad.

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

for a 150 Ez supply of 5.0A, f= 1.2cm., s = 0.5 and 6, = .0112 rad.
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CHAPTER 7. DISCUSSION, FURTHSR WORK AND CONCLUSION

Tele 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 forces and the three

rotational couples generated by the machine under different stator

symmetrical and asymmetrical positions were studied. Their correspond~

ing flux density distributions were also investigated.

The input impedance of the linear induction motor was used to

relate the constant current drive machine to the constant voltage

drive machine. A computer program was developed for the purposes ‘

o* predicting the flux densities and forces in the machine. A

' listing of the computer progrem has been given in Appendix A3. In

addition, the computed results were plotted in two and three dimcusional

aiagrams to show the distributions of various components of flux

density, force density and power flow in the machine, Results were verif>

ded with an experimental machine under various operating conditions.

In the mathematical model of Chapter 2, current sheet density

distributions for both a and ue were assumed to be extended to

me Lf, as discussed in Appendix Al. This was the best waveform

chosen from those described in the appendix for the 350 Hz supply

frequency. However, the flux density distributions along the z

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~ sing ) 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 current sheet representation along the
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2 axis, the best representation would ‘be derived

from the experimental results to match the particular configuration

and the parameters of the machine.

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 between 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 evident that the slot effect cannot be neglected. Slot

effect can be included in this aaalysis by cefining a current sheet

density distributions Je anda uy the same as in Oberretl's paper? .

It is achieved at the expense of a very high computer time, since

a large number of terms of NN in the double Fourier Series is required.

The stator ivoa is uned to be extended to +0o in the x direction,

hence flux beyond the cxit end carried by the rotor would still inter-

act with the artificial extended stator iron. It was expected that

this assuiuption would cause discrepancy between the theoretical and

the experimental results, especially when the machine is operating

at high speed or near synerronous speed where a large amount of

flux is present beyond the exit end. Pig.6.3.14. shows the pitch

couple MN against slip and Fig.6.3.10. shows the levitation force

Er against slip. The theoretical results in these diagrams diverge

from the experimental results, these suggest an improved modelling

of the finite stator iron length may prove more adequate.

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

assumed small, 2 variation 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 6mm in the active

zone in the 2 direction means a angle of roll of 43°. As the

stator iron is assuned to be iocea to +00 in the x and z

directions, this implies a limitation on the angles of rol]. .and

pitch, Negative air gap length must be avoid in 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 oxper imental results in both static

and dynamic conditions( Chapter 5 and Chapter 6). A high stiffness

in the y direction Koo is obtained, 8.62N/om with 350 Hz, 3.5

supply and with average air gap length 8 of 1.0cm. Negative

stiffness coefficients Ke5 and Kee were obtained in both experimental

and theoretical results, which means an unstable system in the z

direction and the rotational direction of yew. As explained in

Chapter 2, ther is no electromagnetic effec’ on the stiffness when

there is a change in the position of the stator in the x direction,

hence Kj) is zero. Positive stiffness ccefficients were obtained in

roll and pitch; whereas in the later case, a pitch counles is presented

at zero pitch angle due to the non—uniform distribution of ¥y in

the x direction because of the end effect( see #ig.6.3215.).

Part of the cross coupling between the six degrees of Preedom

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 direction and

the roll of the machine. As shown in Fig.5.4.1., a lateral displace-

ment in the z direction causes the machine to generate a latsral

force F, and a moment of roll( -0,146/em and 0.0626N—m/om experimental).
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When the machine rolled, there is a change in the lateral force and

the moment of roll( 0.022N/rad. and 0.0055i-m/rad. experimental),

In the experimental measurement, when the machine is in a

symmetrical position( 6. = 8, = 8, eyo 0.0), there is a small amount

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

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 due to the small magnitude of the lateral

foree( 0,10N maximum),

The theoretical dampings of the linear induction motor are shown

in Fig.4.5.1. The first column of the damping coefficient mtrix

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 expcrimeital

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 theoretical 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 induction 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 voltage supply of 50 Hz

under different Slips is shown in Fig.6.3.19., and Fig.6.3.20. shows

the corresponding power factor, Fig.6.3.9. and Fig.6,.3.10. show the

= 191°—



forces when the machine is operated under a constant input voltage

of 54.4volts, and the current is 5.0A 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 current supply of 5.0A and

with a terminal voltage of 54.4 volts at synchronous speed. These

diagrams illustrate the differences between 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 components of flux deasity

and force density distribution in the machine, Ezy rimentel results

of flux density dletributians were plotted in two dimeasional diagrams

in Chapter 5 along both the x and z directions; the corresponding

computed results are also plotted, The powcr flow across tue air

gap is also included in Chapter 4 vith a 350 Hz s ippiy, at 5 = 1.0

and s = 0.2,

Flux distribution in the air gap, secondary conductor and “ine back

iron regions are plotted withs =0.0 to s=1,0 at 0.1 slip

intervals. They are shown in Fig.4.3.1. to Fig.4.3.11. These

diagrams provide an easy insight 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 density distributions along the x and z directions are

included in Chapter 5 and Chapter 6 for both static and dynamic

tests results. These results iaclude different frequeacy, slip, air

Bap length, angles of roll, pitch and yaw, and the lateral displace-

ment. Theoretical results are also showa in each diagram for

comparison purposes. When the machine is rolled, pitch 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.6.4.11, respectively. These

diagrams can be compared with Fig.6.4.9. and Pig.6.4.10, for a

machine with zero angle of roll and pitch, and without any lateral

displacement in the stator.

Chapter 5 and Chapter 6 give both the experimental and theoretical.

results of the static and the dynamic tests. There are discrepancies

between the computed and the experimental . values » the causes of these

discrepancies can be swamrized by the following factors:

1. the assumption of the infinite permeability in the stator iron,

2. sinusoidal balanced three phase supply was assunsd; in practice,

currents are different in’the phases and they are also diffcrent

for a three wire and a four wire system. For example,

at 150 Hz supply and s = 0.5, the three phase curreats are 4.95A,

5.04 and 5.5A,

3. stator iron was assumed to be extended to too , in both the x

and % directions in the mathematical model,

4o slot effect and slot harmonics were not taken into aecount in

the mathematical model,

5. the representation of the stator windings by a thin current sheet,

6. the uncertainty of the Ts. and J, distributions in the « direction,

7. the uses of Carter's eoofficient for the equivalent air gap length

which may not be justified when applied to the linear induction

motor with an aluminium as the secondary; especially a machine

without back iron, ;

8. experimental errors,
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7e2. Further work

In this thesis, a three dimensional analytical approach by using

double Fourier Series is used to calculate the stiffnesses and

dampings of the linear induction motor. Some 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

and practical model from the analysis.

In the mathenatical model, a lincar induction motor without back

iron was considered, and all the experimental work was obtained

with a linear induction machine without back iron. 4s discussed in

Chapter 2, if the machine has back iron, the analysis can include

this by substituting the relative permeability of the back iron (H)

into the boundary conditions. However, this model is based on the

assumption that the back iru. is cxtended 26 co in the x and the

2 directions, Wien the sethine is laterally shifted or the machine

is subject to yaw, the crenze in position of the back iron produces

a change in the reluctance in the magnetic circuit and this effect

is not inciuded in the analysis. This phenomenon can be taken into

account by modelling the back iron in finite width; or to a first

approximation, by consideration of the electromagnetic energy stored

in the back iron as in Lowther's thesis! - Considering the finite

width of the back iron would be a more accurate approach, but it

would be a difficult task in an analytical analysis,

As discussed in the last section, when the machine is Operated at

high speed or near syachronous speed, then a large flux is present beyond

the exit end and a finite stator length in the mathematical model

would be more adequate. Ia dealing with the finite length and finite

width in the stator iron and the back fron, a numerical solution would
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be more appropriate in view of the boundary conditions, hence the

finite-element or the Pinite-difference methods are recommended,

From the experimental results of the flux density measurement,

there are large differences in values between the flux densities

measured above teeth and above slots. As explained ia the last

section, though the theoretical results fit in betweca 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 oF and q, in the x direction as in Oberretl's

paper”, the slot effect can be included.
Besides the few points mentioned above, there are other fields

of interest for further investigation of the linear induction motor.

In the mathematical model, the relative permeability of the machine

was assumed constant. In reality, parts of the iron in the machine

are saturated and ites perueability varies, This leads into the

examination of the ovi.-linser characteristic of the B-H curve and

the saturatioa in the m-gaetic parts of the machine, Also, the

electromechanical stiffaesses anc dampings of the linear inductioa

motor can be investigated in.the other configurations, for examples,

solid iron secondary and double-sided motor,

Futhermore, not all the damping coefficients are verified in this

thesis. It would be interesting to have the proof of the damping

coefficients in all six degrees of freedom including the effect of

the cross coupling,
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7.3. Gonclusion

In general, the work described in this thesis has been concerned

with the calculation of the electromechanical stiffnesses and

dampings of the linear induction motor. Experimental results show

close correlation with the predicted values, It is hoped that the

theories and techniques developed in this thesis will increase 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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Appendix Al. Boundary equations

Boundary conditions at y = g, eqn.2.29. into eyn. 2.38. and eqn.2.3).;

equating sing, (2-2, ) and cosd, (2-2, ) terms separately,

Ban! Cyne Pan® = Copn®XP Prins ) = ¥ ne (A.2.)
b 7 &

Ban! Cr aneTMP Pane > Gorae xp Ban ©) = 9 (A.2.)

Ban CghOTM? Pane =O ppre2? —Pun® ) = — My Sane ( 4.3.)

Brn( C. noxp Bags ~ Cf exp ing ) = 0 (Regs)

Boundary conditions at y =8, normal components, eqne2.29.

and eqn.2.30. into eqn.2.40. and eqn.2.41., give

Cyne ByrD Coan TMP Band = (exp E,,5,6 )+(6,, ne0s Bona® +24 o,38in Bp 3)

" (ALS)
Z ja V_exp Ey, ov 9

* : * = | ea Sou. aS HOUR ein bes
Cex? P26 *0,c0%7 Bayan) = an 2) ome Pate * ican Bagad )

Bo mnz 2max (265)

Cag ieTMP Buf *C,_0% “B28 = exp 2,8 (C)y,7,005 E19 +Cyp78in Bond )

CAs7.)

0! exp BB + Op! 3 § =0 (A.8.)
‘3mn°*P ‘Amn ne XP Pe = ia

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

eqn.2.20. into eqn.2.42. and eqn.2.43., give

Brin Crmner? Bn —Co20xP “3 28)=(Bo (Cog St8 Bog? 540492008 Eo S )

+exp ELS (cy. ymne? Eon =o no *Fyo_95in ee )

(A.9.)

jo ¥ a ales

Bint? anne exp Be 6-054 onoeP = 35 Se Banat Sanet Eo ane®
2nnz ~~’ 2anx

” Pons+0 ¢,,2008 E545 )+exp E ae (Gy. nc08 Eon +06, ,8in Genes 0)

(A.10.)
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= . . *si iS xBun (Cann? DB ni Opn? 7 2 exp Ey, a Cr nhers Eo, #6) 5,,4810 Eon

+8, sin Ey) no or 50) Acos E2mnz is “Ch amin 2n og (a.11.)2mi

Bran (CoyayeXP BS ~C)) ex 5 ) = 0 ( A.12,)

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

eqn.2.31. into eqn.2.44. and eqn.2.45., give

Comma et Coma: Cain (A213)

vy o/

ae a Or Gn ( A.14.)
2mnz ~“2mnx

otine 5 Can Cm ((A.15.)

0 = Orn + Odin ( 4.16.)

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

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

E stp (tno * ®2mnx%10mn = #, mn Cone ean ( 4.17.)

ns eis t t ,2 ©onnz°16nn®1anouin)= # Pan'san-Sonn) (ADB.
Panne Panne

Sango denn inno tmn = * ome Can) (A.19.)

Pag,2S ‘(o,f ) ( A.20.)Tmn* Con

Boundary conditions at y =-% eqn.2.30. into eqn.2.48. and eqn.2.49.,

give,

Coan 0 ( 4.21.)

cae ( 4.22.)
Conn = 0 

( 4.23%}
a

‘énn = © ( 4,24.)
wes



There are 24 simultaneous equations for solving the 22 unknown

constants, c's (egn.A.1. to eqn.A.24.). Two of these equations

are dependent equations, eqn.A.16, and eqn.A.20. represent the same

equation, i.e.

Conan Cent

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

T..

Can

iraveal

Thus, all. these equations(eqn.A.1, to eqn.A.24.) reduce to a set of

equations, which has 22 simultaneous equations, with 22 unknown

constants, Cee They can be solved by conventional method, using

method of elimination or by inversion of the matrix.
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Appendix A2. Current density distribution in the z direction

Fig.A.2.1, shows 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 direction and

the z direction are:

Jx = Trupper layer + Ix tower layer

, U2 J 0056 snp j (2. wt + a te

+2 as8 2p} Gy ~ wt - 2a. 1)
= Jides6 asta ZA)

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

Similarly,

sin. xpi vit + Fle 2)

SI (Leowt—z-le 7me sapi(Z wt - Zl: J)

= 55 sind sa CAR. L)

The current distributions are plotted in FigeA.2.2., and they represent

the real current waveforms. However, due to the assumption of the

artificial extension of the stator iron over the overhang regions,

both Oberretl? and Preston & Reece's papers”? suggested a ( 1 - sing )

sinusoidally decaying current waveform.

Fig.A.2.3. shows the current waveforms used by Oberretl, where 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 De and o for these given waveforms

are(see section 2.4.):

i,

buz . -&- ) Falesintmzdz
' — ys L

2-2 Umbax We
= ee

Fig.A.2.4. slows the: current waveforms rsed by Preston & Reace,

where the width of the s-condary is smaller than tha width of the

stator iron + overhang region.

In the thesis of Lowther??, another waveform is suggested, where

the current sheet density is sinusoidally decaying until it, reaches

the edges of the sscondsry conductor(see FigeA.2.5.). This current

waveform is adapted in the evaluation of the flux density since it

gives the best results when compsred with the experimental field

measurements,

Fig.A.2.6. shows the current waveforms used when the stator is

laterally displaced,

Fig.A.2.7. compares the theoretical flux density distribution B..

by using the waveforms showa in Fig.A.2.4. and Fig.A.2.6. with 2, = 3em.

The experimental. results are also shown in the same diacram. It is
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clear that: the waveforms suggested by Lowther would have a better

correlation with the experimental flux measurements, since it gives

a@ more accurate ficld representation in the overhang regions.

= 209"



\

Sv 8
Nel 5.akSOsValetee ee

Meena 6e5n cee

eee
SN

X

SN
‘ N

OSS
~“

ec res Sg

|

I

|

I

|
OVERMANG:

v

f stator windingLoyout oFig. Aczlt

be )

Tx

N

Tz

oweEaly,

Current distributionFig. A.22.

- 210 -



Tx

ge

Jz

Bee AES

Fg Aad. 3s Current — distribution

ea

\

DA hee yi

CurrentFig -AZ4.

Tx

[\

Tz

distribution

a 233.



Tx

Jz,

Fig. A25. Current — diskr.bwtion

eae

ie

= z

Fig. A.2.6. Current distribution with ldleral
displacement Zo



Fig SAL. OX camponent of flux densit y -Za=3em

ae ae asperimertal

—— theoretical . ane a
rs 4cuavefom. Shout in |

a------ thearetical usin
wiauefom chetsn in lig hab.

- 213 -



Appendix A3. Computer programs

tn Chapter 2 and Chapter 4, an approach to calculate the flux

densities and the forces has been outlined and discussed. Based on

these theories, some computer programs have been developed. A

listing of the conputer 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

tho flux densities, force densities and the power flow across the

air gap are similar to the program enclosed in this Appendix, hence

they are not included.
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TCLP LISTING

DATE:- 17/07/80 TAMES=. (2.00550

JOB(CGPEE514,5315¢T9 000, M7600) S W LEUNG 108 CC *StOT 514%
ATTACH CMAN, MANTRAP, I D=PUBLIC)

LIBRARY (MAN) :

REQUEST (TAPE10.*PF)

FINCOPT=1-SL) i
ULDSETCMAP=B/Z2Z22MP,PRESFET=NGINE)

LGOO(PL=10000) ;
CATALOG (TAPE10 + DATASs LD=GPEF126)

J

PROGRAM LIMBS CTINPUT, OUTPUT, TAPES=INPUT ¢ TAPEG=OUTPUT s+ TAPEI0)
C THIS TS A 3 PIMENSIONAL ANALYSIS OF THE LINEAR INDUCTION MOTOR

C THE '* FRCE* PLOTTING

COMPLEX BPX1+BBY1,B821

COMPLEX AX1,AZ1,EX2SQ,EX2¢VX1eVX20VX4,VX7AVXO

COMPLEX QX1¢QX22QX3,QX4,0X5

COMPLEX AAX1+AAY1+AAZ4 + SUMX1 + SUNY1 ¢SUMZ1

COMPLEX SUMX,SUMY,SUMZ

COMPLEX JJ 1041,02603794,95,F 20 AAI

COMPLEX CU+V1IsV20V4eV75V9

COMPLEX E2S9 y .
COMPLEX AAKG+ANZ0,BRX0,BBY0,BBZ0

COMPLEX SUMXO,SUMY0,SUMZ6,SUMX10,SUMY10,SUNZ10

COMPLEX P2sP3eP4eP5eP7ePX

COMPLEX CK1eCKUrEX2S 90. EX20,VX40.VX70-VX90

COMPLEX QX204QX50.0X49,QX50

REAL LXeULX eI ZU 22K ede T1727, T18,LX1

DIMENSTON AAC5O2,CC(5C0). ANC50),AHN(50) AMX (S50)

DIMENSION FFACS1.22)

DIMENSION FFL(54422)

OIMENSTON FFICS%+22)+FL 051022) 0FT (51422)

DIMENSTON BX(51622),BY(51022) ¢BZ2(51622)

DIMENSTON 2722(030)422T{39)

DIMENSION ZFL(C30)e2FT(30) ¢ZFX(30)

DIMENSION FENC51,.22)

DIMENSION FEX(51,22)

DIMENSION FFZ(51+22)

DIMENSION F£K2(51.22)

DIMENSTON XX(5%7 422)

DIMENSTON AB(120)

DIMENSION FFNC51422),SMN(22)

g MACHINE PARAMETERS ARE AS FOLLOWS
CI I IRI IIIT IR I RI et kt

WO=0.04 "

ULX=1.25

LxX=0.53

LX1=0.34

L2=9.10

L7=0.09
02

cl =e .

DN=0.003175

C=0.013175

c=0.01

P=0.112

SW=0.013
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J FESaU.0

COND=35000090.0

UQ=0.000601256

5. UR=2000.0

uR=1.0

J1=45000.0

»\ J1=24505.0
P1=3.1416

READ(5+91) SAVY

44 FORMAT (2F5.2)

4 S$=1.0

: S$=0.9999

s=0.2

“ READ(5¢19) MM,NN

19 FORMAT (?T2)

READCS 412) IXVeIX201Y¥1,1Y2,121,122

2) 12 FORMAT (612)

READ(5,+15) K

45 FORMAT (F6.2)

READ(5416) B

16 FORMAT(F10.5)

WRITE(6.17) Ke PM INNG Be|

| a7 FORMATC//1/* K=e OES. 40///* MME I 20/1
| 1* SN=*/T20/// 8 B=*FF10.5+10X-* VY= #,F 5,2)

; T=0.0

= CR III RIE RETR SOOT I EI ORI HR ek et 4

ee DX=LLX/50.0
| DY=CCLLZ/2.9)*B8+C)/10.0

OZ=LL2/20.0

WRITEC6614) SoTeIXVeIX2eTV1e1¥2e121-122

14 FORHATC///* S=* + F5.20//% T=*6F6.30//% X FROM %,120% TH *,
) Te//* Y FROM *+T2e* TO *e120//* 2 FROM #,12,% TO *,12)

NNI=CNNW-1)/2414

DO 700 17=1,NN

TI7=FLOATCI7-"N1)

AACI7ZI= (C2. 0*T1 7-1. 0)/ LL X41. 0/P) ¥P4
; ANCL? PSST ROSEN CCS GN TIP HT GD eR TRL KS CLL KO 20099

| THSINCC2.0#1T7-1.0)*#PT*#LXI/CLLX#2,9)))
| } 4/0€2.0*117-1.0)4P1)

700 CONTINUF

KK2=2

Kk2=3.

KK1=3
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y KK2=4

KK1=2

KK1=

) kh

| DO31 13S1=KK1,KK2

| GOTO 344

PS VTZ=FLOAT(131)41.0

VTY=FLOAT(131)*1.0

VIX=FLOATCI31)4*1.0

3 VZO=FLOAT(131)*1.0

VYO=FLOAT(131-2)*1.0

S=FLOAT(131-1)*0.1

5 THY=FLOAT(1341)*0.04123

: THZ=FLOAT(1351-2)*0.005

THX=FLOAT(131)*0.01

) ZZ0=FLOAT(I31-1)*0.01

ZZ0=FLOAT(131)*0.005

C=FLOAT(I31)*9.0034+0.005

my F=100.0*FLOAT(131-1)4+50.0

aan CONTINUE

1F(135.60.1) VYO=FLOAT(131-2)#1.0
4 IFC135.EQ.2) VZO=FLOAT(131)#1.0

‘ 1F(135.EQ.3) VIX=FLOATCI31) *1.0
IF(135.60.4) VTY=FLOATC(131)*1.0

y TF (155.£Q.5) VTZ=FLOAT(I31)*1.0

| W=2.*PT#F
5 BETHZ

R7=THX

VX=2.0*F*P*(1.0-S)

DO 600 [5=121,172

22=€15~1.0)*DZ+UL 7242.0

22=7

DO 509 13=1Yi,1¥2

Y=D0

\ YO=0.0

DO 400 T1=1X1,1X2

) X=-t £X/2.0+(11-1.0) «DX

Z0=ZZ0-THY*X

VZ=VZ0-VVY*X

VYSVYOFVTZ*X-VIXS22

2=2er112/2.0-20

Z=Z2-LLZ/2.0

DO 800 18=1,MM

11i8=FLOAT(1T8)

) CCCIB)=1T8*PT/LLZ

BI=C(LLZ/(2.0*W0)) #2

B2=P1*T18*CCLZ/2.0)4WOO/LLZ

B3=P1*118*(LZ/2.0)/LLZ

AM(T8)=(4.0/P1)*(B4/(B1-( 118) **2))*

10(1. 0/118) *SIN(CB2)-(2.0*WO/LLZ) *COS(B3))

2*SINCCCC18)*(LLZ/2.0-20))

AMX (18) =-AMC 18) *CCC18)*#N0%2.0/P1

AMX (18) =-AMX (18)

XA=LLZ/2.0-70-12/2.0

! XBELLZ/2.0-Z04+LZ/2.0

| XK=LLZ-XB-20/2.0

|

XK=LLZ-XB-Z0

XK=LLZ-x8

XD1=CPI1/ C2]. 0*XA)) &R2-CCOC18) e*2

j XD2=CP1/(2.04XK) ) #*2-COC1B) ee?

XD3=2.0% (COS (CO CIRD*(LLZ-720/2.6))-1. 0) /C0¢18)
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cr,

800

SL RE a NE EN Redo Ree RR OD

-O* (COS CTIG*P1)-1.0)/C0 (18)
PI/XAY*SINCCO CITB) *XAD

XD5=(PI/XK)*COSCIIB*P4)

XD6=2.0*CC C18) *SINCCCCIB) XB)

XDX4=2.0*COCTR)*SINCOCCCIR) *XA)

XDX5=2.04CC(IR)*COSCTIB*P1)

XOXG=(PI/XK) SINCCOCTS8) ¥XB)

AMCLEY=C1.0/L LZ) * (XP 54 (XD4-2.0*CCC1B))/XD1+ (XDK5+XDKX6) /XDZ
AMX CIB =C1.O/LLZ)# COXDX4—CPT/X A) /XD14(XD54XD6) /XD2)
AMX CTB)=0.73*AMX (18)

CONTINUE

SUMX1=(0.0,0.0)

SUMY7=(9.0,0.0)

S$UMZ71=(0.0,0.0)

SUMX10=(0.0,0.0)

SUMY10=(0.0,0.0)

$UMZ10=(0.0,0.0)

E1=UO0*COND&VY/2.0

GEB*X+RZ*Z2+C

BS=SP*(S#G6+SW)

G=CBS/CBS-SN**2.0))*G+DD

CUS=COND*UO*CHMPLX(0.0,1.0) .
E1SQ=E1**2

GD=G-DD

E1YD=E1*(Y-DD)

E1YA0=E1*(Y0-ppD)

DO 200 N=1,NN

AAN=AACN)

ANN=AN(M)

V1I=CUS* (W-VX*AAN)-E1SQ

VX1T=CUS#W-E1SQ

V2=CMPLX (COS CAAN*X-Y*T) +» SINCAAN*X=UeT)) &UO
VX2=(0.0+1.0)*V2

AANSQSAQNKR#Q

SUMX=(0.0,0.0)

SUMY=(0.0,0.0)

SUMZ=00.0,0.9)

SUMX0=(9.0,0.0)

SUMY0=(9.0,0.0)

SUMZ0=(0.0,0.0)

DO 100 M=1,6M

CCM=CC(M)

BBSQ=AANSQ#+CCNK*2

BR=SQRTCBRSQ)

E1B=(E1-RB/UR)

E1BS=E1*61B :
A=ANN*®AM(M)

E2SQ=-BRSQ+V1

E2=CSART(F2SQ)

V4=E2SQ+E1BS

V7=E24*Y

VB=CCM*Z4+P1/2.0

VO=CSINOV7)

V11=COS(VE)

Q1T=A*V24V11

Q2=CCOSC(CE2*ND)

Q3=CSINCE2*DD)

V4=V4-BE*O2*E2/ (CUR*O3)

Q4=(CE1E-E2*Q2/Q3)*S TNH(BR*GD)/V4)

aes



60

100

200

AX=ANNAAMY CM)

EX2SQ=-RBSQ+VX1

FX2=CSQRTCEX2S0)

VXG=EX2SQ+E1BS

VX7=EX2*Y

VXY=CSINCVX7)

VXITT=SINCVB)

QXT=AXAVX24VX14

OX2=CCOSCEX2*DD)

QX3=CSIWCEX2*DD)

VX4=VX4~-BRRQX2*EX2/ CURKOXZ)

QX4=(CE1B-EX2*0X2/QX3)*SINH(CBB*GD) /VX4)

QX5S=BB* (OX4)+COSH(BB*GD)

PX=CEIB-EX2*QX2/0X3)/VX4

PZ=CETB-E2*Q2/Q3)/V4

P2=-EX2/ (VX9*VX44*QX5)

PS=-VZ/VX*(PZ-PX) *COSH(BB*GD) / (05*QX5* COND)

P4=-VZ/ (VX*¥O5* COND) *(~E2/ (VORVG) FEX2* 01. 0=(PZ=PX)
T*BB*SINHCBB*GD)/QX5)/ (VX9*VX4))

P5S=PX/QX5

AARZ1=-P2*Q1/05

AZ1=-1/Q5

AAZO=—-EXPCETYDO) (£2) #Q1/ (Q34V4405)

AXT=AX*VX2#VA11 /QXS4#VZ/VX* (PZ—PX) *STNH(YBEGD) HARV
T*V11/ (CU0#O5*QXS54 COND)

AAXOZEXPCETYDO) * (=EX2)/ (QX3*#VX4%OX5)

BRX1=A21*01

BBXO=Q1*EXPCETYDO) *(E2=5B/UR) / (V44Q3%05)
BBY1=C0.06-1. 0) *AAN*AAZT4+ CCM *CPSRAKAVK24V11—-P3HARVZEVX 4 1/110
BBYG=(0.02-1.0)*4AN*AAZUFCCH* CAAXOKAXKVX2*V11-PGKARV2ZEVX14/

AXA

XT#EXPCETY DO) = CEX2*BB/UR) / (VX4*OX3#QXS)-BBEPAHQI/ (LOM
MYA BBX4

UNVY+BBY4

SUMX1T=SUMX14SUMX

SUMY1=SUMY4+SUMY

SUMZ1=SUMZ1+SUMZ

SUMX4 SUMX102SUMXU

suUMY1 UMY104SUHYO
SUMZ10=SUM2Z10+SUM20

CONTINUE

BBX=CABS (SUMX1)

BBY=CABS (SUMY1)

BBZ=CABS(SUNZ1)

BXO=CABS (SUMX10)

BYO=CABS (SUHY10)

BZ0=CABS(SUMZ10)

FI=(-(CBBX**2) + (BE BY**2)—(BBZ**2))/(U04%4.0)

F2=(BX0#*2-BY0%*24B20%*2)/(U0*4.0)
FLF=CF1+F2)

FA=F2 .

FN=F1/1.0

FRKEREALCSUMX1* CON SG CSUMY1) ~SUMX10*CONJGCSUMY10))/.(UQ*2_0)
FZ=PEAL(SUMY1=CONJG(CSUMZ1)-SUMY10*CONJG(SUMZ10))/(U0#2_0)
FFACT1,15)=FA

FFELCIV+¢IS)=FLE

FENCT1:¢35)=FN

ALG: =



De

DS

FEACH Te TOD =FZ

FFT CIV, IS)=K*FLE

FKZ(31,15)=F2

FEMCT1,¢15)=X*FZ

FEMCI1,US)=X*FZ-Z2*FX er
T+EX*THY*X

BX(C11,15)=-BBX

BYC11,15

BZ(11,15)=-BB2

TFCIV.NEL26) GOTO 223

WRITE (64222) 11¢15¢SUMX4+SUMY1+SUMZ1,+8BX/BBY-BBZ, FE Xe FLEr F2
FORMAT (/2112¢/6F18.8+/3F18.8+/3F18.8)

CONTINUE

CONTINUE

CONTINUE

Z=22

00 57 151=1424

FEM C2*15141,15)=2.0*F FM(2*15141,15)

FLC2*15141,15)=2.0*FFL(2*15141075)

FTC2*15141,15)=2. 08 FFT(2%15141,15)

XXC2*15141,15)=2.0%F EXC 2415141415)

FEZ(2*15141,15)=2.0*FFZ2(2*15141,15)
CONTINUE

DO 52 152=1+25

FEMC2*152,15)=4.0*FFM(2*152,15)

FLO2*15S2¢15)=4.OKF ELC 2%i 52615)
FY C2*152,15)=4.0*FFT(2*152415)
XX(2*152,15)=4.0*FFX(2*152,15)
FFZC2*1S2,15)=4.0*FF2(2*152,15)

CONTINUE

FLO 1,I5)=FFLC 1,15)

FTC VeES)=FETC 1215)

XXC 1,TS)=FFXC 4-15)

FLCS1¢15)=FFI(51,15)

FTC51,15)=FFT(51,15)

XXO51/15)=FFX(51e15)

SM=0.0

SF=0.0

Ss 0

Sx=0.0

$Z=0.0

DO 53 153=1.51

SM=SM+FEM(153,15)

SF+FL (153-15)

TEETCIOS 715)

SX=SX+XX(153,15)

S2=SZ+FFZ(153,15)

CONTINUE

SMMCI5)=SM*DX/3.0

ZZTCIS)=SF*Z*DX/3.0

SFHSF*DX/3.0

3 TROX/3.5

SX=SX*DX/3.0

ZFLCIS)=SF

ZFTCIS)=ST

ZFXCIS)=SX

222(15)=S2*9X/3.0



a

56

Sr

54

$71

DO SS 155=1,10

SMMC2*155)=4.0*SMMC155#2)

ZFLCQ*155)=4.0*ZFLC2*155)

ZFTC2*T55)=4.04%ZFT(2*155)

ZEXC2*155)=4 .OXZFXC2*155)

ZZT(2*155)=4.0%72T(2*155)

22202*155)=4.0%227(2*155)

CONTINUE

DO 56 156=1,9

SMMC 2*15641)=2.0*SMM(2*15641)

ZFLC2*156414)=2.0%ZFLO2* 15641)

ZETC2*15641)=2.0*ZFT(2*15641)

ZFXC2*T5641)=2.0%2FXC2*15641)

ZZ2T(2*15641)=2.0*7Z2T(2*15641)

222 (2*15641)=2.9%222(2* 15641)
CONTINUE

2Z2Z -0

ZZ22T=0.0

DO 57 157=1-21

Z222TSZ22T+7ZZT(157)*02/3.0

ZZ2+*ZZZ7(157)*0Z/3.0

ZFEX+ZFX(157)*DZ/3.0

ZFT+ZFTCIS7)*0Z/3.0

ZZFLEZZELAZFLCI57)*NZ/3.0

ZM=ZM4+SHM(157)%0Z2/3.0

CONTINUE

WRITE(6+54) VY¥eCeoZZFXeZ2F Le 222762227 ZMeZZET

FORMATC///2F18.8¢/6F18.8)

zM=0.0

Z22T=0.0

SMM(11)=SMM(11)/2.0

ZFLC11)=Z2FL(11)/2.0

ZFT(11)=ZFT(11)/2.0

ZFEX(11) =ZFX(11)/2.0

222(411)=222(11)/2.0

2270999522711) 72-0

00 571 1571=1,11

ZM=ZM4+S¥M(1571)*02/3.9

ZZFLEZZFLAZFLCI571)*D2/3.0

ZFT+ZFTC1571)*D2/3.0

Z2ZFX=Z2ZFX+ZFXC1571)*02/3.0

22Z22=2222+222(1571)*0Z/3.0

ZZ2ZT=ZZZT+ZZT(1571) *02/3.0

CONTINUE

WURITEC6,541) ZZFXeZ2ZFL 6222262227 42M, ZZFT

FORMATC/* SUMMATION QVER HALF PLANE*,/6F18.8)

CONTINUE cs
CONTINUE

STOP

END
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ON THE ELECTROMECHANICAL STIFFNESS AND

DAMPING OF LINEAR INDUCTION MOTORS

J. Van Bueren, $.W. Leung

The City University, 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 latetal edge effect are considered
and the skin effect of the secondary conductor is included. The predicted
results are verified on a test rig. ”

INTRODUCTION

An object in motion has six degrees of freedom: three translational motions

and three rotational motions. . The coordinate system used for the analysis

in this paper is shown in Fig.i. The three translational motions are

referved to the traction, normal and lateral (x, y and z) directions. The

three rotational motions are referred to che roll, yaw and pitch (0,8, and

e).

JL

LiLiee sora
3 Toplon Zz

Y Wow
Fige 26

MATHEMATICAL MODEL

The mathenatical model is divided into three regions: the air gcy region,
the secondary conductor region and the back iron region (regions 1,2,3 ia

Fig.2). The stator winding is represented by a thin current sheet and

presented in the form of a dovble Fourier series by having infinite arrays

of mmf. in the x and z directions. The stator and back fron are avsumed

to be infinite in iength and in width, and the stator iron infinitely

permeable. The field equations are formulated in terms of magnetic 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 conductor. The total moments of the three rotational couples
are found in 2 similar manner. The theoretical groundwor’. of this paper

=~ Df
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Follows that of oberret!”,

The current distribution for the J, and a components are shown in Figs 3

snd 4 and are represented by the following double Fourier series.

haze ze Amma” sin 2X exp j(Anx =et) se
dex = 2 A nz + 65 %,2 + exp] (Xnx-cot) (2)

Hsin tye -DYen ACOs H+ sin Mab
s Ms 2% awhere Amax = i [Ees mit -1) + Cpe ae * pe T,

xd [sf Ue} foto: 4]
eee =2% Sin (Hoga) + Ya 2% Si (Tab) — F-cos nit
ee Ea [ress Pmt (CRY eT ]

[ sneer + sin arp ber 9
= “1 me

an tz z,-£z 3 bn inane 3 ke Ll,-b
i

a, -(en-t—-t)er .- _ me

screen setts or

The three translational displacements and the three rotational displacements

of the stator are represented either by a change in the air gap length or a

change in the current distribution of the current sheet in the z direction;

they are:

g(x.z) = 0 x-tls+y, @)

and zx) = 0, ez, : @)

where g(x,z) is substituted in the boundary conditions after the field

equations are solved. 0,, 0, and 0, are the angles of roll, yaw and pitch

= 225 -
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and they are assumed small, 200) 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,

Via ev,» ¥.)

and the rotational angular velocity is defined by o»
= 

i ae &

B= Os wy od = 6 8, 8)

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

the linear velocity by the equation: be

Vrotal "Vt uxk

vhere R= (x,y,z)

FIELD EQUATIONS

The field equations defined in the three regione (ceo Fig.6) are:

{a) The air gap region (region 1), -

vA, 0 
(5)

and the solutions are:

Cr)

Aix 52, E [fencer (ony Cgrr-Beay)hsii VexerpjMqgx-ot)

Conn EXF(Painy) + Crna © PCB) cos 7.7 « an ffaxat]
2 

eae)Aw = 3) 3S [fom €47°(Bmeny) + iren CAP Pens | CAE CRP | (KyX-at)ie met

Simm €(Suny) + Cran exp (may) Sin teen j cee
2

2

Ban = 08 +9

{b) The conductor region (region 2),

CAS s po( 2h -VxvxAy
which gives

Seis ;

Az a 22 [avn ot(Exeey) + Carma s(Exmn sy} cosmx
coe ‘met 5

+ €xpj (Sanat) - e#P( Ean y) ]
(8)

Emme = —KOVy [2

Emmoax = Af 4(-&e The J UO (0) Vx Sq) +O
a eae

a Ic - amye oN E. £08 (Exmnxy) + Cre Si2(Eavincy)} Sn Yee

+ I %nVe {Gog 03 Camm Ze Crmy Sin( Ermey)aan

* €08%,X + expj(Gqx-wt) - exp Even y] ()
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(c) The back iron region (region 3),

ViAs =0

The general solutions will be

ane Sas = [{enneset) inn esot-Baay)} ste erp ile x-toh)iiet Arce

+ {Comm XP (Beany) +e mn exe(- Pony) €05 Fan + sere)

Asy = 2 zs [[emseniiciy #eetaorens)} es...
+ [Can C67(Bony) + Chan C4e(-Bary) } 50 Tore: 8 Pj (An ot) |

mei)

BOUNDARY CONDITIONS

The following boundary conditions are used:

Boundary #t the stator surface,
1 OAx Kee Akt’ OATS rifeay Ix =e) Dae ayes = Ix (x) (1)

Boundary between region 1 and region 2,

Ave Bax Mix Wax.” Vin Pix 9; tz OAx, CAx YayBT ES ed Bye ays Byte TES Cas)
Boundary between region 2 and region 3,

ee = 2Asx, BArz_ Ase Bare _ Dagx_ Wrz3x. ax Ay (144)
Fx) WE = BE) Sy = ae See 7 “)

Boundary conditions at y = - «

Axx=0 5 3x0 3}
oe magnetic vector potentials in the three regions are cbtained in terms

of Sonstants Cia im the six equations (6), (7), (8), (9), (10) and (11).
There are 12 unknown constants Cin these cquetions. By substitucicn of

these six equations into the 12 equations (12) to (15) obtained from che

boundary conditions 2nd by equating the m*? eBand n“ harmonic of the sin vz

and cos y,z terms separately, the unknown constants ¢., 7an be deterpined:
The songeutaded manipulation of the evaluation of ela: cone tage c ae is not
shown here. The final solutions for the magnetic vector potential A iu the

three regions are as follows:

2 I ws}

0 Ree espe) si, (2-20)

~ Ytme( ROPE}Va Bre Bang O° PME easraCer erica
—(i6)

- 227 -
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ice

ASS ~[ {Ben Cesare Emee cot Ermed ch Bonly Ssh Bon(y-5)}mat ne Eqanz ;

eo ee * Fe Gmnx+COS Yon Z © Cx/9j (An X-v3t) (1)

Axa Dh t Pely) Me Qnevxe + Si TaX> €£ Ermay (y-8) + exp j(2x-9t)
lst n=! Ce S——————ees

— Me Gein e240 Ermen (y-5) a R(§-RO,

OE Bac BO RGN she igh
+008 22+ CxPj (Anx at) ] (8)

$2 te

ae ee pecs See tes (ol €0s7%,x- exp j(one-st)] (9)

Asx = 52 5 [aE zr Me dome sinter: €10(Pnry-Esan 8)» exrifactest)
mat azn Eumx Box 5 Exe

che! Gites { ~Ewmnz Emme

O Va Boag LE
(1-8-8) pe shma(5-4)) ch Fark CAP Preny -€1p(24x-00t)]

Axa Eaves He tame C08Tk-€60(Bon¥-E1mal)-eepifanre ce
MET Azaeg

*

Eurverg 380 Exmng 8+ Eun: 51 Emm x

=e
ev

8+ Een Amag: Sit laman

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 «f, Es(s, +s)

and the three rotational couples are:

¥ “fs +8) Fx B.dd«2 :
Where S, acd S) ere the top and bottom surfaces of the ccnductor.

ELECTROMECHANICAL STIFFNESS AND DAMPING COEFFICIENTS

The mechanical equation of wotion for six degrees of freedom!?” are:

(ER) + (C) fx] + (x) [k] = fF)

where (M] = dia [m, m, m Ie Tye 1)

I) = Es 7s 2s Os 0, 0

[Cc] = C;,, « 6 x 6 damping coefficient matrix:

Ik] = K;;, 2 6 x 6 stiffness coefficient matrix

{F,] = external forces or torque applied.

end m is the mass of the stator.

= 226 «
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Tol and Lo are the moment of inertia of the stator along the three

axes,

th
“gE > ise. the rate of change of force or torque in the i

J direction with respect to the change of velocity in the
3th ,. :

j-” direction,

[K}[R] are forces or torques generated due to the changes in the

position of the stator, and (C){R] are the forces or torques

Benerated 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

&o the mechanical system in six degrees of freedom, all the forces and

Fotational couples have to be evaluated for different stator positions and

cifferent velocities.

TEST AND RESULTS

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

machine details are:

Stator length 0.53 0 Scator width 9.08 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 2

Conductor width 0.24m Conductivity of conductor 3.5%107 s/m

Supply frequency 350 Hz Current shect density 24500A/m

Fig. 5 shows the forces and couples under different stator positions, i.e.

F, versus R;. The corfesponding electromechanical stiffness coefficients

(experimental) matrix is,

FOWA887> 19:92.) Z:SiaeGayer > o!
0 863 10.0 1.6 ° 12.3

O02 0., - =1h:& e8.2 ° °

° 0 6.28 0.55 20 ° 0

° 0 ° 0 -0.75 0

° oO ° ° ° °

é PRINCIPAL SYMBOLS

x magnetic vector potential, Wb/a

BBB, x,y and z components of magnetic flux density, Tesla

{c] damping coefficient matrix
F force vector, N

IK] stiffness coefficient matrix

ms 220
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FIG.6

Fig.5. Stiffness. Variation of forces and couples as a function of
linear and angular displacement. Experimental results showa
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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