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- ABSTRACT

A_fiéld thgofy approach is used to devaiop the volt-
ampe;e and forée'quQFions of an idfinitely lodg ;qbuia% motdr'_
for qhésifstatic_conditioqs. .A cirgui;'model is déQeléﬁed'
whiéh inq}édgs the,spagigl harﬁonicsvof tﬁe glgctrémég;étic.
fields. , " e | '

Analysis of the effect of stator win&iﬁg éiéttiﬁhigon,

_air gap width, rotor sleeve thickness and constant clearance
’ . . - . : . . N o

shows ‘that the air gap width should be as small‘as-possiblé'and,.
vthe’rotor sleeve thickness Shoqld‘be chdsen/té give op;imuﬁ

- resistances for the best machifie performance.
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F P . ST .
. N N CHAPTER "I S
S ' | INTRODUCTION - ’ |
1.1. Linear Inducsion Machine A _)} R

Extensive pioneering work on linear induction mbtors Nne by L
P | .

N

Laithwaite (2) about a d’«‘ea&' ago. " Today many enqineers are involved

'in projects‘o_n transit systems, using singlé—sided and double-sided

lil.jnea,r machines as ,'a means of propulsion. ‘ -. oo -

A -linear induction motor can be simply described as a copven-~ ;;'V”r’v

) e g
tional rotary machine (Fig. 1-1) whiclrhas been cut along an axial plhne .

and opened out flat (Fig. 1-2) to give a single—sided li,near induction
é;motor (LIM) Addition of a second stator (Fig. 1-3) leads to a double-
4

sided LIM. . Considering relative rotor and stator lengths LIHs may be \

‘ divided into two classes. These classes have been terned as short-

"o

. stator (rotor longer than stator) and short—rotor (stator lohger than; N

k rotor)" mschines. ‘ I ' | \‘ ( : ‘_' - - <

.. If the ‘model in ,gig. 1-2 is re-rolled sbout an axis parallel to '»

' g the direction of the field motion the resultin model (Fig.*l—lm) repre-;;: |
sents the basic structure of a tubular motor. ‘I“ne windin of the tubular

motdr consist.s of an array of coils (Fig_.‘l-/ob), having no end turns.

)

o ) - AR

8 e
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FIG. 1-2 SINGLE-SIDED LIM

]

FIG. 1-4 TUBULAR MOTOR

(a) basic structure
,(b) array of coils

" i -
)« . -

)
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ig forced axially a

fagl‘
As can be seen from Fig 1-4a, where N and S represent alternate

N and S poles, the. tubular motor 1is an axisl-flux machine. The flux .

g the rotor, therefote the . rotor must contain

A number of liquid metal induction pumps employing the use of

tubular stator windings have been devised for pumping liquid bismuth

H

sodium or potassium Utilizing ‘the game winding arrangements and : ﬂﬂf

N

replacing the liquid metal with a copper or aluminium sleeve may result d

'in two different methods of constructing the rotor. - In general, the

rotor sleeve msy be permanently affixed to the rotor iron or the rotor

tron may he held by some external means while the rotor sleeve is

EE allowed to glide (6). The analysis in the folloving chapters is ]

~applicab1e for both types of rotor structure.

>

. N A

1.2, Method of Analysis 7, SR o : -

> ' A
fThe'claasical analys g3 of induction machines (11) applied to'the

" tubular motor would not >e adequate because of considerations such as

large air gaps and lack of definitive rotor conductors. Therefore, a

-.‘field theory approach “(such as used by (1, 3)) is necessary and is used

» to develop the force e!pressions for steadx\wtate sinusoidal excitation.

Energy conversion characteristics of a poiyphase induction machine

"vith aymmetrical impedances can be derived from an equivalent tvo-phase ‘,

-

inductidh machine by a change of variables (5). For this reason a '

‘. S

tuo-phaae tubular motor /is considered for. simplicity.

A lumped parameter circuit model based on the field theory is '

’ developed as the circuit model offers adv%>tagesqin,the computation of

.



input and output ouantities undey ste‘ady state, conditions.
| Tubular motors operate at low frequencies (usually SO or 60 Hz)
therefore a quasi—static approaCh Q, 3 %)) is used to determine the ,
fields in the air ga - Equivalent inductances of the machine are found
from the magnetic storage energy and then the equations of motion are
derived. Using linear axis transformations, thé spatial dependance of ‘ v
_ the rotor inductances is removed and an equivalent circuit is  found. .

A

Spatial harmnics of the current densities are included resulting in
. = .

a m?de‘; which consists bf a set o harnonic nachines vith series- o Ced
connected stator vindings and .a common output shaft. .
. Calculations of the forces “are done on. a digital computer and
are‘coupared for different values of air gap, stator winding distr:l-

"bution and rotor conduetivity.

- 1.3 Objective of Thesis .

The steady-state characteristics of ‘a tubular notor are derived
- fron equations of mtion based ‘on the field theory. An APL progran is
| set up to calculate steady state force, efficiency, input current and ‘
harnoniﬁ> forces for different values of rotor slip. The effect of the _‘ |
mtor sleeve thickness, air gap thickness and stator V(inding distribu- .
| t:lon on the machine perfornance is examined This is done for;ti% ; ~

s
' k:lnds of rotor sleeve Ay&erial - q?pper and aluminum.

.l’

A C -

&
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[ N
\\hdifferential éébations. These are solved subject to the given boundary

2.1, :Assgggtions

-(e) ;For the operating frequency of 60 Hz the current density of both

' CHAPTER IT

ELECTROMAGNETIC FIELD

, - .

Electr%hsgnetic field equations are developed from Maxwell's equations

for a described model. 1In .essence, the field equations are partial

t—

conditions .o

& | - |
The following simplifying aasumptions will be made in. deriving
%
the field equstions' ’

-
-

(a) The stator and rotor iron cores are lbminated so.that.conductivity -
(o) is zero, They haue a permeability u for which u >> Hy holds :
~ and therefore uis assumed to be infinitely large. ‘
(b)  The tubular motor (Fig. 2*1) is reﬁlsced by the mbdel shown'in'
Fig. 2-2, and the coordinate syﬁtem is as shown This model is

adequate if the air gap is sﬂsl# with respect to the rotor : [

’<i:;7f" vdiameter. = . : \~~}4’

() ‘The longitudinal effect of the %otor is neglected (both the rotor

and stator are infiniteiy long i :;;;> direction).’

(d)  The air gap is uniform. - ’ o “ .

/

_the rotor and stator is uniform in the 2z direction, that is, the
. skin effect is neglected. f

(f) The stator conductors sre.not,skeued.
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2.2. Stator and Rotor‘Current'Densities

Three different types of stator. windings are considered The
.type I winding (14) as shown in Fig. 2-—3 is the simplest and least
expensive winding to. make. The.type II and III vindings produce the~

%urrent density. distribution as shown in Fig. 2-5 and Fig. 2-6
™

%spectively.
current A |
X DENSITY . I : l } -
| P 3
| | 1 .
-= | } . 1__=
N N - 7/ ‘ ;
L % ,

'E '

e

FIG. 2-3 STATOR WINDING j(o'ne phase)' TYPE 1.

The - stator winding is not replaced by a current sheet, thus the

. winding has a ‘finite thiclcness which 1is represented by the value of

Iy3 - yzl in Fig. 2-2 In 3enera1, the stator'current density will be

of the form as sh_own p Fig. 2-4. - IRV \
penstTy |1 o
| L2 . . o “|
7 o . L
) | . 1 S N s
. . 7 . T e
} - — —— r: 4 .

FIG. 2-4 GENERAL STATOR CURRENT DENSITY (one phase)

\ -
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Following the m&thod introduced by Hague and developed by Saunders .

(3) and Nasar (4), the stator current densit is defined as

. Ny iy . - N .
. - (y3 = yz) (amperes/EEter ) | (2-1)

L Lo, b . ’ . RO

The kth stator current density pulse (Fig. 2—4) is generally

expressed in the Fourier series

N1 i o e .
TR 5, e e e s
, L; O . . ,', ‘ ' ' IR A

where o . _ : ' -

R o |

AN T Vr =¥y -y,
and _ . o

: . Tr/Z L= B . '.,‘.
- f f (x) cos A, x dx .
: L‘r"‘ 2 ) 'J"',:.

: . “ K '
e . ‘/_/. E
TDENSITY . . S

) . I ! . .‘ ~
117 -
_——— : I peg —-——-)A
Pag |
Ch - .
“FIG. 2-5 STATOR WINDING (one phase) TYPE II
\ \' X
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Substituting for f (x) and_for the limits, we have

-2
ak\’\ T Ay

. [sin}, (x, + w.) - sin), xo]'l

Similarly,

b, = PRl [cosi, x, - cos, (x, + vs)]

The overall current density sheet consists of m pulses separated from

each other by Tg Then o - a

h(x) = 2 b, (x) - z z (ay,, cosix + b, smxvi)

Vg W
8 t.v-l

(2-2)

» M . t

Assuming that the stator conductors are distributed sy‘unettically about ..

the centre l:l.ne of phase A as ahovn in Fig. 2-6
: ' ‘

T g bRy 1,8 < ap, N 18
b\,s--Z k: k b wdavs'z kv “k'a
vk=1" "8 ¥r k=1 “s ¥r

Choosing the origin such }hat X, = - *23, then
g .
21" sin (3 3/2) Z
- — Ny cos | (k—l)r]-
T N N k cos [A, \

e s ; S TURTECE R C(2-3)
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 Similarly, for phase B

2 1,5 sin Q) we/2)
e (wr A, wg/2)

/ ==

m
v z Ny sin [X\,(k—l)rsl - N

k=1

¥

- _KE"_. 1b5 , &/ ) _ (2-4)
and Kziv = -Kbv‘ due to the symetty of ,the‘windinlg.

Rotor currents are restricted to the rotor sleeve, the rotor core
' being laminated. Ingeneral, the rotor current demsities are . - 3‘%% _
J T= 2 ar cos);, x*  (amperes/meter?)

o

It - 2 b,T sina, xT ". v(theres_/mte.rz) (2-5)

J,r = z avr* cosl;,.. '+ b,T sin); x* o ) (2-6)

CURRENT
DERSITY |

,,7 . - | S .
. N - . - . o . ) = ) - N .
- ) . R AR .
-— e — ’ * -+
i i . .
o Tg:

FIG. 2-6 STATOR WINDING (one phase) TYPE IIT
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2.3. Field Equations . v
~§1ettromagnetic fields in the stator wiqding,inir gap and the

rotof sleeve are derived from Maxwell's equations

v . -B-:’- O : (2-7)
Vebap S o - (2-8)
UxBE=F4+2E | (-9
. . : 3t E ' - . . . . LT . Tt
. = B A :
v,x,g - = St e | ‘ \ - (2-10) -
I=eE e
_ ) _ . N .. Pj.)l.
B=ui (2312)
-_s.,'/

M
((

_ : - , |
' vIt is advantageous to use both the vector potential A andﬁwcalar )

poteattal o BT %ﬂy

We have

(2-13)

Since the divergence of the curl of any vector vanishes we can -

satisfy the above by setting Wiﬂ U E o @@ 

B=vxa. e L @218
Then B _ | | R o
| vxE+ B 3" (VxA) +7 xE= v xe—--+ E) =0 (2-15)



ﬂt’ "/,, .
Since the curl of the gradient of any function vanishes,
be satisfied by setting

12

he above can

» (2-16) -
‘therefore D ‘ '

[ 1]
®
X .

"a/v --v--&-.— v e

\ (2-17)
Substitutiug'(2414)‘and (2-17) -into (2-9) gives
3 A"
eat(at V¢)-ruV><B—J
. »
. 9 3A e ’ - ’
or‘ ue 32-(- EE-- Vo) =muVxH-ulJ . . (2 18)
To simplify'thg'ébove;'the Lorentz condition

- .o
. + — g
v_ A+ ue 5t 0

“

. . 7
is imposed, then

{
(-9 -~
For quasi-static,conditions, digplacément current'is negligible and
' equations (2—19).ﬁécoﬁe '

- V2 A= =yulJ
o

(2-20)"

LY



Ef\‘

K4
‘VZ Ké = -y 325.'”, o ?in the stator coﬁductor'. » (2—22)
- u jzt . . in the rotor- conductor* o (2-23) -
‘and’ 0 . elsewhere L (2-28)
If,K;'is expressed as a'seriesb‘ S ' P
’ . : . N . ' N :
= E A, S - | T (2-25)
) \) "l ) - : ‘ . ) : . . R .
- Each component og the'éeries can be found independéhtly'due tovthe“
linearity of the system, therefore .
2 - o2 - g2 3 ’
VZ A, =022 A S A, (2-26)
: =1 v=]
The tubular motor has three regions to be considered (Fig. 2-2)
(1)‘thg>stgtot conductor 1. - ié 2 y 2 Y,
* (3) the rotor conductor = y,*y20 = : R

, J . \\v
A Vs /i . T“? !
In the quasi-static system the. ghergy thaly can be attributed to the

.
A4

electromagnetic fields is stored in the magnetic field (18). Magnetic

stored energy in the machine is

Vp=3:'f Bidaw B (2-21) *

, : . : i
_ volume . ' 6;\\“ :

" The stator curtents,are z-directed so that rotor currents are also z~-

directed. Equations 2-20 become

oD



Laplace s equation is solved in Appendix A.in detail. The following

. expressions are. the field equations of the machine.

(i) Stator conductor o — L.

T
Hy = ig’\,'[(l(lsinhxvy + K, coshiy) cogl, +
+ (K, sinhlyy + K, gbghx;y) sinA x] ,.j' 0 A2-27)

B.by -‘u)«v[(ch.oshA\,y + K, sinhly) sinhx‘g -

- (R, coshAy + K, siﬁblvy) céSva +

!

y 2 .

[ A

() Air gap |

',T,.’ e + —L-'(vas sinx\',x - b8 ééglvx)] /. . S ' (2f28)

' \. | + .(K; Biﬁhivy + K:. cosh)\vy) sin)‘\’xj T oo .‘(‘2_29) ,
Sl | o SR - . .

By Ui, (K1 coshl\,?’ +.K3 sj.nhl\vy) sinl‘,_x. -
T : ~ : .

e (K;:' sha )y + x; sinhA y) cosA x] o (2-30) -

,-u};‘(i}i)"kot‘ot conductor . - !
. A'.»‘ .. ' ) " . s “ : ‘ . v'] Lo . . ~ R ‘. ‘ . ‘f
:»E_,ix - Av[(K1~ gil\lﬂhl\,y + K3. c_:oshl\,y) cos) x + | AR - “"

+ (K, sinhAy + K, coshAyy) simAx] (¢ 23 =



By - ux [(x coshx vy +- x sinhxvy) sin) x - ' S

-

..,
e

.= (K coahAvy + K sinhxyzz_cosxyx +

N Y . o . N - ,‘%
1 . . A ."- “, t
A £ siniyx - C, cosi x)] » (2—32) -
o _ - ;. 4
~~ 'in which : ;
) & ' C, - (a\,r sinkvxoﬁr»-'l-. b\?r cosi x ") 2 33)‘ J
RS . , -
c, = (gvt coslvxo?qr b,T sinix,") S

o

In equationa (2~ 27) to (2-33) subacript v 1s omitted for convenience

for the constants K (1 e. K is K )

9 ’ Al

. U _ o o
2.4, Bounda:y Conditions- ‘ : ‘ g
)" o >~

For the given model we have to consider cwo different in:erfaces'

>

- conductor air and conductor iron. We can use the same general apptoach

(Fig. 2-7), the result of which has to be modified for: the conductor

-iron 1nterface._ S U ° ,  , . ‘
_ ,ﬁy; . IR Lo IRON ~
o . \ \\\1\11 p . Hx3=0 Tpe - C

BYI’I; . ‘,' . ~ !373

Ax Y PR —

FIG. 2-7 BOUNDARY CONDITIONS

DY . . 5 .
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App]'.ying.Maxwell's _equations, we have
- . .

which‘becc;mes '
Bx Ax+H +Hy———-‘ﬂxAx —-Bylf- AxAy
- ',/ .

\@e current density is considered to be finite, then as Ay + 0

)

Y
\

we have
. v - . ®° .
« H_  aAx - Ax = 0
S T .vsz
_ or H, - Hy ,. continuous i e :
Y71 2. o ) v - . . -
. . ) . : ) l‘ . .
for the éonduccor_air interface.
For the conductor-iron interface, H -.b~, therefore H_ = Hﬁ"?- 0
Co L . - - _xi_ron , X2 X3
| | %
. It can be shown (16) that - the 'othet boundary 'COndit_iohs ‘are .
'.B .- for the conductor-air :lnterface and By ‘"B, for thé
Y1 Yz Y3 oo
. conduc’totbiron interface. o , oy
Applying the boundary conditions to the field equations, the K
o A <
. coefficients are evaluated as follows. . ‘ R .
1) . For y =0, H = 0. ,
Hx - A[(K sinhxy + K cogh Ay) cosAx + . e -

+ (K sinhxy + K cosh)‘y) sinxx] - 0 / o

v



gives - o o ' : ol
" (1} . )
Ky cosix + K, sinAx = 0 | )

which is satisfied for
Ry=K,=0 xs | %5 (2-34)
(ii)fj-‘llx"n'nd B, continuousf Yy =y, - . ,
Equating (2-31) and (2-29)

_ R R
_,(x'l' - K}) ai§h1y1’ "f‘;_K'a,_‘t.COtsh)‘yI,/v PR
@ sy, = 5 oy, D

LN

o By 1s continuous, ﬂthereforé - - " -

‘ ‘n‘ T . ' o Cl i
- lfxl) coslf)‘yl-K3 sighkyl »+A—2-0

0 | | 5 - (2-36)
" ] " ' : 2 = (- . o
(K, - X)) cosh y. - K' sinhy +—=" "
2.7 %2 TR A ST
(1) y=y, / - /\\
SV Hy and By continuous ‘ R
(R = K;) vsinh’Xyz + Ky - K;) coshxyz - .0' L
S . , AT A
e b |
,(xz - Kz) °s»inhky}2b+ (K“_ - K,*) coshly,, .-. 0 ) o
o ' ' ' (2-37)
. : R ‘ ¢ .a8 '
(x‘; = K;) coahdy, + (K3 - K3) sinhiy, - =0 .
J . . ’ '/ . ‘ o :
SR - . S ' - . b8 ,
(I$2 -,.Kz) .cogt ¥, + (K“ - K:.) ‘s:lnh)‘yz - ? =0



' ‘Kl sinh 3 + K3 -\(:osh)‘y3 = Q0

‘ ".’

@) ymyp o |

ﬂ ,

Kz. sinh y3 + Kl& 'Coshxya = 0

. _ /
From equations (2-34) to (2-38) we have

: 14
c

= —l ‘ as’
K, 2 .sjnhlyl cothdy, -xg sj.nhlyz ¢:ot;h)\y3

~ : /
Ca

| K, .,-x-z.s%nhlyl cothly3 kY] sinhdy, gqtyxys

“- -

v as .

K. =K_ +— 31nhxy2u

w
w

>
N

o -
[}

- K.+a8' 0 ,
17 Tz coshly, - T coshiy,

" = K +‘.!’3- ) | c2_' L
Kz} 2 752 Coshlyz "2 coshiy, -
_n '

Ry=0
K =0

18

(2-38)
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. B
The set of equations (2-39) list‘s'.the K coefficients for the

- field equation)sb (2-27) to (2-33). .

it



"). e l ’ : ’ ' ’ ' - B ) . . v ) 20
CHAPTER III
o . . y '
- EQUIVALENT  MACHINE PARAMETERS
, _ 'y ‘ :
The parameters of the machlne must be found in ordet to determine the
equations of motiqn. First, equivalent iInductances of the machine are /

evaluated from the energies stored in electric and magnetic fields.

" 3.1. Magnetic Steted Energy
Energylstored in electric fields (4) is .
\ ‘ . :

i

Ve = 5 [ D
: v
Under quasi—§tatic conditi%ns this 1s negllg1b1e. 'vl A L
. . _4/
Energy stored -in magnetic fields is given by (2—21)
1 - _
Wp = 5 f B Hdv
v : Pz -
< S r
The T s
or - U, _'3?[ |B] < av =5 [ [ ] & +B )dv
v : (o} (o} o. .
(3- 1;\
=,
and - Wy = W, oW, 4 oW, o _ N (3—2)
: . _ T8 , v
where W,s W, and W, are the energies scored within .the etator'

winding;-ait‘gap and the totor'winding'respectively,_'

Y%

" The details of the calculations are given in Appendix B.-

Equation (3—2) becomes



ayF2 + byr2 A >
LA ‘ —}g-: 21 v { —T— [sinhzxvyl cothly, +
~ \) - .

' +1vy1- sinh) )y, costhyI] +
N i ! .

. ‘ - 82 82 o : - -
A L 2),y, cothA,y. + A (
+ T - [sinh cothdy . v 03 -y

’ 14

2) -

& - ti,inhl\,y2 coshl\,yzl awo [(av avr+b 8 b 1‘) cos}, x. T +

fﬁﬁ?”5? | | o
*' (bva a,r - a\’a b,T) 51“’\;» xor] .

»- [&hh"(yl cosh)\\)y2 - si.nhl_\,yl tszl.nh)x\,yv2 cothl'\,yal}
3-3)

Repreaenting the hyperbol:lc functions by the first two terms .
)

of the corresponding ser:lea and dropping the fifth and high?\order

term of 1, vve have

: y ‘ yiz- :
_+2‘[(% avr+b9br)coalvxr+(bsav‘f_—
& G RN :
v_v a\bsb\)s) sihhl\, xot],yl('ya » y ) [I +____ (ylz + | : 9

4



N 2 2 <2 3 1
+y,2-2y, y)1+ [a,72 br]y &*M 3 ,}
(3-4)
The magnetic stored energy in the above equation is s function

of sevetal variables among which are rotor conductor, air‘gap and '

stator conductor thickness. } < N

PN P

3.2, Inductsnces and Resistances

The actual machine 1is replaced by a coupled systen having two‘
windings at right angles’(]. 5) on the phase, axes. The rotor‘and
stator windings carry currents 1 . 1br’ i 8 “and 1b3 respectively,
'the subscripts referring tosthe-winding (phase a, phase b) and the
- superscripts referring ‘to the coil set (stator - s, and rotor - r).

g

‘The magnetic stored energy 1s then :

L
1=1 g=1 3717
e . T n m
- > 1> S 111 -
z[i.,l PR :]
V= :

o o
-+ Lbav (1bv‘\1avs) + Lbbv (1598)2 f'L::vl(iavt)2'+o



. 5 ) ) o ' r . . .rl' r_z/
' + Laby (1avr_ ) + Lbav (ibv 18vr) + Lbbv (1bvv) +

¢
'
!

+ L (iav 18\’ ) + Laav (i 1 ) + Labv (ia" ibv )+

o

B R » r. 8 >sr 8 r 8
S + Lbav (1b\) v‘ia\) ) + Lbla\) (ib i ) + Lab\) (1 F'ib\) )+
1 8T 8 r r;:' T 81 n e
+ Lbbv (i, ibv ) ¥ lppy (" 15,2)] u

(3-5)

~ where L% and 17T are the éelf-i‘nductances_‘and-L?t and L™ are the

#

. mutunl inductances.

Relating currents in (3—5) to the actual current densities, 3
the inductancea are determined by equating (3—5) and (3-4).

The rotor coil is asaumed to have the same diétribution and

e

number of turns as the stator winding (1)

Rav® LgyT cO8 A xF - y, a,f cos A, xF L (3-6) ¢
vhich gives " .
a > S av r -
v y “Tav
1!} :
i‘ ' v
K 8 ’ y

v Ty e L S« = )%



]

Rewriting (2-3_) and (2—}5_) for\é;ﬁe staéioi‘ ctrrent deénsit

: K_8- .
= 3V 18.8
. 73.—}72 )
8
-, ™

PR 4 e
L S - "
3 : T 'y, g o
e Yo % s -
) e . o
RS . '1". ‘ya , A

LA

S04

. Using (3-7) and (3-8),. the induci:ances_ of the equivaleht‘:fmchine‘ .

-are determined by équating (3—4) and (3-5). Then

- .88 rr
Laby = Lbav, = Laby -,I‘ba\')' =0
sr _ T8 _ .Sr _ T8 _ B r
- I‘aav Laav Lhby I'bbv Lsm cos x\: %o
8T o (Y8 L. _ 8T _ _ . T8 _ . , r
Lab\g Lpav ‘ I'bz:;\) &-;I"abv Lsrv gin A, x,
88 8s
'I‘aav = I'bbv = Lasv
Laav"Lbbv_'»'Lm.
o ._'P!.ur(l(a'vs)z B . lyzz
Lm"“vzyav' 1+ 2% -5 |
. sz(l(‘;m"),2 B ” 5, - ‘yl)z
Ly = - 1+, "
 Payr(R, %2 oAz s, o
- o + — + -2
tam ™ T N2y, | TTTe Gy, =2y, 3y

/



SN

":_The regsistances of both the stator windings are assumed equal,
Rs-Rbs-R B-Rbs-—- z R(oftheconductor)
. i=1 1 Co

v(34102‘

@' " and are assotiated with the first space harmonic (1), therefore

. < . S
v Ry = R,% = RS for v=1 . v
= 0 for vé 1 _ S (3-11) -

-, y

% The equivaleut resiatancee of the rotor are found by equating

) tot:ot losses in the actual and equivalent m.achines.v ‘The t:otal

instantaneous rot:or power dissipation in . -a ‘mactiine 1is

- PR o . '
r ’ ) 2 2 . .
pr / f [Jxr + Jyr + J,T | dxT dy dz - (3-12)

which -'vf‘et our model bécomes

. Y, T
r : ) Ry .
Pd - %T Pt j [ @72+ 3,7%) axt dy . (3-13)

0 N
Integratj.hg the qbove equation, the equivalent rotor. resistances are

r 8
PRTr (K 8)°

Rgy" = Ry, " =

. (3-14)
‘4 of Y, L

] . . ‘, . - » ‘\‘\ o . "'
: The equivalent inductances and resistances deri’vedid‘et‘x this .
‘chapter are coil variables dependent upon the relative positions of

o

sthe totompnd etator axes.
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CHAPTER IV

) DEVELOPMENT OF FORCE EQUATIONS.

" 4,1. Equations of Motion

S  Equations of motion are best expressed in matrix notation, which

is used throughou: the chapter. As donp‘in (¥Z%~1t is convenient to

subspript'the ﬁatrii'rather than the individual harmonic variables in

the matrix.

The volt—amp'equationsﬁareigivegﬂhz\‘\\

)

: o : AN :
Va = 2 (B, Ly Lo (4-1)
. v'v » . | o
.o . ' ; ;% \
where / !>
- B 7 ' o . D - -
vg8 1g,8 1.8
% ' vb8 1. o /:I'b\)8 1p°,
_V. - . . l ‘b\’ = . -
0 1,,F 1T
L - b\’ -Jf"',..g"“ b b < v
{ ) .
: - (4-2)
| R,® o 0 0 "
: Rbs 0 0
Ry =~ .
r il
| 0 0 R, o| ¢
_ 0o - o . Ry ' T
- - - . . '-.,\’ . - (4"3)
R o B . : i —
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' d
and P e . .
We have \
° ' I‘s}s 0 l Lgr cogerv -Lg, sinix®
0 Lgs . Lgy sinixT 81.' cosAxF| &
- — —_— — —_— — DB e — — —
L, , | - :
Lgy goslxr Lgy sinixT I . Lpr 0
- r ’
Lgy sinixT ,Ls_r: cosix ' 0 Lyr
- - \, ’
¢ o
L _ .
' o (4-4)

' The electromagnetic force on the rotor (1) is

Fl= 2 Fo, T 3 i oW, - >
: ve=1]l Ix v =

/;\/]. ‘coils

%
Id

Asstning'.ab linear lgggnetid circuit |

} X K il v iv .
Ff = E : 2 i
e " L v T
. v=]1l " coils j X"
: el 17 e 1
T m = .
o Fev' = 7 Iabv Eaby Laby

§
3
AN

> 11\, diy,)

(4-5)

(4-6)
@

(4-8) .



dq Ttansfomation

r Eabv
R,
4.. 2.

-~ 0 ) \)o | - stnax
‘ A
0 - 0 cosAx¥
~ ginax’ cosAix* O
B ) | II
~ cosAx’ - ginAx® | 0
o “ R

28

(4-9)

Equations (4—1) and (4—7} describe the behaviour of the machine

under all Operating conditions, however, they are non-linear.v

Applying a linear dq transfornation, the space dependance of

fonnation is. power gWth (5) .and

~

and

" where

the equivalent indﬁctances and resist;n:es 1is t“enoved. The trans-
N . : 7
8 defined as _
Yely " /f L
Ev@.dqv (4-10)
v gy _ (-1
- : : Y n
1 o 1m0 0. |
;0 1 . 0 0
0 0 | cosix’  sinAx®
' L 0o B _' ' _-”sinl_xr brcoox'i,r S
. I ff: e v’
(4+12)
-\ , N

-
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' The following equation holds for_tre\transfofmatfun matrix:

W

B _ ! . "#&. X ) ) .
ey = eyt - - (4-13)

-Equation (4—10) 1mplies that the set of rotor currente i
“and 1b ' in the rotor windings moving with the’ statbt is transformed
ey ,
. to the: currents id and iqr which are atationary with respect to the
stator reference frame | It means that the air gap‘.helds produced '

by currents i r and ib are the same as the fields produced by the

3»currents_1d and i flowing in the fictitious vindings stationang

to the stator. : ‘ . . R _
" ‘We have - 4
; » - t L ) .. .
. ldq\) }" 2\; .labv' ) ) - | _. .‘ ( _1[.)
. @ . . v ’ b. L . : . - - ) .
Substituting (4-1) P;Q:L (4-14) L : o &
o L v ! S . ; T ,
Yav =, 21 a® (Ry+p Lya, Ly, = »
;—daq Ny |
.. e . | _
- . » r
: vzﬁ (quV+‘qu\’ p,f Edq\» x )\—I-dqu .A
- e . ST (4-15
- . _&dq\) - a 5 ﬁv; 'B.v P . ,(4?-16)



- .t
L‘-dqv T =v

88 - Ugr

88 o sr

sr . B c

Mgy 0 -, ol R TS

- . o . - | ) ~

- Equation (4-15) now becomes = . ° S

8
Va
v

q




. ) St ’
Equation (4-7) becomes

r 1 . t £ e
Fev = 5 (a, 1 dqv) F abv ldqv o Yo )
- o y
) S t r
T 7 Lggu (2y Egpy o)) Lagv = =
. _ o
? \ L .
0 ST S . | '(4—'2;)\
-~ 2 ' =dqu =dqu =dqv. . v
or. . R C .
;r T e e e . -
Fo, = .(1q 14" 14 1, ), Ay Lsfv (4-21)

s

_Equationé_(&—lS) and (4-21) constitute the set of equations of motion z

°

of the ﬁachine, -

'4.31 Steady State Relationshipé

The -fundamental slip is defined as-
N : :

. vs = vr ( » . v ' ) . ; ’,
17 T S o -2y
e
where o ]
v3 - speed of the field
vF - speed of the rotor

then l - - _
' ST 2 oT o . g s gl -
A, xT Ay vi=a, v Q1 -~81) vw> (1 < 5)) =

..

-

=o® (= (s -v+1l-D)= o a-s5 @23



For' steady state
S .
P = jw 1

and the v  .t-amp equations are 3

Y e N A
1 T | oo 17 7
: s s R ' | 8 s
il Ry +Ju’Lgg o R [ S 0 14
. | } _
» ’ ' . -
s s | 8 8
Yol w 0 R+ JuL_ | 0 JuL i,
. i . & N ' * ’
-E “““““““ \ T T T T T o
of v=lf = jusL, wS(l-8, Mgy Ry+ 0L, 8(1-51\,')1. 1g
) - ] | _
of |-wtQ-s, DL, L. '-wSQ-s DL . RE+tL | |1 T
o . WA s\’, sr v -3 o i Y rr “a b4 er q
4 L | ' -
v vy
- (&-24)
Conaideting the stea&y state and ‘balanced conditious, thg -
stator .currents i 3 and : 8 are in quadrature.“-. v :
o ] . ) & s 'v ez
Let =~ S P ,“\j _
‘ " v® = v.8 = 8, A :
Va » v’d : V8 cos w t -
w3 = vqa' - Vs.v sin 0%t o T (6—25)

In terms of complex exponentials, for é;lnuéoidally varying. ‘vp‘lvt'ages :

F o

e



and

. t : -
Fg,t = 2 N Lgry, Im[I

o ~__\,-1

| ., SR
v, (va" + 1%

/T B

.33

Similarly forA Jtheﬂ'cutrenté we ’have_; dropping the subsecripts,
o . ' . ST I,

is - ',__._21__ '(ia8+ j’ ibﬂ) .

. v(.bid'r + h ] 1qr)v

S

i

' The force éqh&fions"becomé'

' The volt-amp equations are

_Vs' -'R: + jwsLsé

- E NG

'j@s-Lrssr

|

">or, replacing Jo® L, by 2| xss’ jw

r F5*
]

s .
jw ?Lsr

K

» o

L, by 1 xss, Jws L b

j b S and jm Lrt by j xrr’ we have .

| | Rg+ 1,

-2

i

COf a8 x
 Ra* JTLp,s

-
Y

. _\)"‘

(4=27)

. (4-28)

‘(4+30)

| (4-26)

N

29

Voo le-31)



“.” where

s, = 1-v+vs

4.4,

‘7§ WAL T I ST vs,

Equivalent Circuit

shovn in Fig.kﬁ—l.

~

:Lfbfﬁs;daha{moﬁic'slip

LT

v L
o §

.

B

.

jmf.baekwa;dﬂﬁarmonic sliy

™~

k1

(4-32)

vKuatians (4-31) can be represented by the equivalent circuit



A

: . N
FIG. 4-1 EQUIVALENT. CIRCUIT

i

= STEADY STATE
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CHAPTERV ‘ i . A

qQ

DIGITAL STUDIES OF THE MOTOR
The entry and exit edge effect of the machine are neglected there—
fore calculations of the machine performance -are based on the straight-

forward use of equations (3&9), (3—11), (3-14), (4~29) and (4-31).

5.1. Force Equations

Harmonic forces can be derived vith the help of the equivalent
circuit: or directly from equations (4-31) and (4-29) giving the same

reeult. :

The total ihmpedfance.of' the equivalent circuit is

'z = Real + j_" Imag ST , - (-1
where _
o T r .
‘Ral 2 ‘Rav 2
8 8 rl B, xsrv
R.eal-R + - ™ 4 seve 4 4 ecese .
[R5V ’ ' [rE \2 - 5 O S
al . : 'av . o . ;
—] 4+ - —V + . »
( 8y _ xtr1 a . v 8\,. ) xrrv - .(5..2)_
and : ' ' ‘ ' '
AR N £ x
Imag = Xgg) + «¢-- + xsev *oeeer - arlrrl iy . -

: R:.l 2._ 2_,
5] tEm

- - -—" e e.e

’F , o L : S
av 2 | o e o
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The kth harmonic rotor current is given by

- [RrE '
- 3 Xark (% - 3 x.rrk)ﬂ v

Tk ' 2 . § :
| [(R;‘k) + xn_k] [Real + 3 Img] A (5-4)

and the k™M harmonic force by

: o r :
: o Tak =g, 2
i 2Ny Xen = adle

E.'ek -', ]E 2 : al R | .
' : [(———) + xirk] [:Real + Imag :, o '(‘5_-5) .

The total force on the rocor is obtained by sulming the

R

hannon:lc forces (5-5) o |

'? szj'_ | o _f - _(5-6)'

In general some of the: spatial harmonics of the current
densitiea are negative, creating backvard travelling mgaetic f:lelds,

therefore t:he corresponding hannonic forces in (5-6) are reversed
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5.2. EBfficlency - | »
"The perfomnce of the machine was computed on a digital com-

puter, using the APL program language The machine data are listed

~

in Appendi; c-1.

Efficiencies are calculated, using'the following equations:

)

1 Stgtor copper loss - K: ‘(Isj)'

)

VNS
i n, ’
t : . ’ 2
Rotor Cu (Al) logs = = RE (Ir)
1 =
N |
o S n Rrv
%eveloped power = z 2 (1-8)
P ve'] 8y v

Efficien - - power_output | S
S 7 . ° power output + loase_a - (5-7)

~

/ Hyateresis and iron loases as .well as mechanical losqea of the
motor are not :lncluded ‘ o i . -
_"' Winding distribution factors for different types of stator

windings, digital progtans and 1nductances are listed in Appencix C.

. L

. \
.
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CHAPTER VI

RESULTS AND DISCUSSIONS

" 6.1. Outline

The steady state output characteristics of a tubular motor were
compnted using the program in Table 2, Appendix C. The program holds
for an infinitely long machine. As a tubular motor would operate at
higher slips, the entry and exit effects are negligible (20) as both

he - forward and backward travelling waves caused by the reflection at

’

. the edges decay rapidlya

The effect of different winding distribution factore, air gap
thickness and rotor sleeve thickness on. machine characteristics is
studied in this chapter.

The cslculations,are‘done for three stators,'each having

differen't winding distribution. They are type I type I1 and type III

stator windings, as described in Appendix c-2. Thickness of the

' 1s given by the value- of |y3 - y2| in centimetres. A set of
3

' different'rotors»is considered ‘each hsving different thickness of
" the copper rotor sleeve. Another similsr set, of rotors has aluminum

,-sleeves. " The thickness of the rotor sleeve is described by the value

of vy in centimetres. The clesrance, i.e. the air gap between the

_Totor sleeve_and the -stator winding 1is |y, = v,| and 1s also in centi-

‘ metres.

(=]

The machine dsta are listed in Appendix C.v The temperature of

both the stator snd rotorfconductors is sssumed to be 75°C.
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: , ' ¢
6.2, Effect of Winding Distribution Factors -

In Figs. 6-1, 6-2 and 6—3 steady state output forces, effi-
ciencies and stator currents are plotted S
Fig. 6—1-compares output forces for three different stators and

the rotor with the sleeve 0.2 cm thick..'The'characteristics for the

copper rotor sleeve show an increase in- output forces as the stator
O
windings type II and type III are considered The type III curve

reaches a maximum for slip g > lf The aluminum rotor sleeve hasg
higher rotor resistances, therefore the force maxima occur at slips
s > 1, | | -

Fig, 6-2 shows the effect of stator distribution factors on

efficiencies. For the same type of stator winding, the efficiency is .
. ‘-‘. .
higher for .the machine with the copper rotor sleeve over one with the
Y P 1
aluminum sleeve as the rotor losses are smaller for the copper sleeve.

1

‘The efficiency of the type I1I machine is higher than the efficiency
of the type IT machine which is higher than the type I machine effi-

ciency, as the. distribution of magnetic fields in the air gap is im—

1
proved. @

Fig. 6—3 shows the stator currents of QEE machine. The highest RN
currents are for the type I machine, the- lowest for the type III B

machine. . : S RS

The performance of the machine was considerably improved by the

type I1 stator winding and was the best for the type III stator
..winding, as the direct result of the improved distribution of the

‘magnetic fields within the air gap, the distribution being more

\

dinusoidal. = IR T



41

’6) “

Surpum 111 9d4K3
Burpurs 11 od43
8ugpuim 1 edA3

w ¢

w g

.v.o>uoﬁnmﬁ< ————

2A99T8 N)




(3

42

< d

1S

-

., SEIONAIDIAIA -9 '91d

POpRTOUT 30U 89S0 TEOTUBYOGW

BN

8upurs III 9d43 - ¢

Suppus II 9dA3 - 2

Buppurs 1 °d4A3 - 1

A

Em - N.A

 9A99T8. TV ~-——-

3

'8A93T8 ND

1443

[x] 20N



43

i JREA R
- SINDMYND YOIVIS €-9 *HId -
_ &
d11s 01 8°0 9'0- “.. w0 7200
- _ + } ¢ +
R V - , N ’
, ! /
.
i

Surpura

Sugpurs I1I

Buypurs 11

1

ad43
ad43

ads

—

sz
.w>¢0ﬂm,ﬂ<

3A29T8, n)

 [STHV] INTHEND



-

, for the type- 1 winding.
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The following data were used:
! ’ .‘ . 4

y, = 0.2cm y, = 0.3cem -

Figs. 64, 6~5 and 6-6_are similar to those considered in t:he.above.

example. The thick_nese of the rocor sleeve was increased, 'thusi the

’ air'gap y, w‘aé also increased. The rotor'r'esistances “decreased

t\l}erefore the force maxima occur at lower slip. The lachine per-
.

. fo_rmance is as described above. The data‘ ere '

y, = 0.3em, y, = 0.4 cm

Fig. 6-7 companea “the fitst hatuonic fotce with the total force. the

difference is 1ess than 32 for slipe higher than 0.2 Thia is for

"the machine vith the type statot vinding distribution. ‘The ove:."b

all effect of the higher bar-onica is mll and the total force is

’smller than the first har-oqic force. The effect of high r-onic

forcea for the type II ‘and type III windinge was much sulleg than

\.,.—-
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6.3. Mfect of Air,Gap;jgggkness

In the next example only the windlng type I is taken into con-
‘ sideration as it is the simplest to make. The air gap‘thickness
llyé - vll,'vhich is actually thetglearance between the stator and
.~ rotor conductors,‘was‘assigned different'values and the program in‘
Table 2 Appendix C, was used for computations.

Fig. 6— 8 shows the effect of variations of the air gap on the
output forces both for copper and aluminum rotor sleeves. An increase
of the air ‘gap width causes a decrease of the output forces. This
is due to the increase of the leakage of the magnetic fields within.
the air gap.‘ The curves corresponding to the aluminum rotor sleeve
have the peak forces near standstlll due to higher resistances.

The efficiency characteristics for the tubular motor with the

copper rotor sleevé at Vshown in Fig. 6- Qand with the aluminum sleeve

) \)“‘

Cin. Fig.6—10 The decrease of the efficiepcy is considerable except

“for speeds close to standstill.%. - .

’

: The stator currents are plotted ‘in Figs. 6-11.and 6—12 fhe in-
. l '_
crease in the air gap - width decreases the inductances as can be

) seen. trom equations (3—13) ' This means that the total impedance ofthe
dmachine is smaller, therefore the stator currents are larger as. the

terminal voltage is constant. Furthermore the leakage.induCtanceskare

lincreas&d as the ailr gap width is in eased The magnetizing 1nduc—
v £

tantes are decreased therefore requiring higher magnetizing currents.

P The machine performance<is considerably af(wcted by the. increase
!
of the alr gap, as both the output forces and efficiencies are de-

creased and the stator currents are increased.

| . » 4



50

 SSINDIAL dVO WIV 40 104437 - SEOWOZ 10dIn0 §-9 'o14 . - !

.Em._.o.r,y.4m.o..o.,o,__;.o‘ 2o . . Jo

. N .a. 1l°ﬁ.ﬁ‘
WRE NSyt terg te = K

w gz - 4
JAIDTB Ty -——n

_ ~00C
2A93T8 N ,

[sNo1#aN] awos



51

. ~© (9Ae918 10301 20ddod) SRIDNAIOILAT 6-9 ‘D14

O

(2] XONAIOIdAE

_ v_mm.:.nocﬂ uoc.mom.mcﬁ ku\ﬁgno‘%— ‘ ,
3 . _
. m gty ty fgog fg 3
., ,,  mgg e
. - _myuo:_ :o | o o - e N
, - o . s NJ - D o ‘ x



(949978 10301 WNUTUNTE) mmHuzmHoHumm._oauwxmuummau

»

ars 0°'1 0

% .:c"." h
. i
S

LS

’i’i“,ﬁ*’ t
E
.

s “vovsaucﬁ ync,nomuoa TEOTUBYDRW-

. . . B .‘ ‘. A . .; a.v ) a.; . (m .
Cmg gty igete =6 TN T | E
- R . , . - ‘ o R ) m
Z

e - *  eAeeTs 1V



53

* (ea@918 1030% 19ddod) SINIMIND WOLVIS TI-9 ‘9L
7 ’ e o : ‘ .
atls - o't - g0 90 PO zio . qos
- ' — —— — e |
l'.m‘
o» . =~
101
f B .
™
. ¢ .,. N.A.
c o gmg ty fg =
mn G'7 = A
..u>oon ny



T 54

~ (PA99T8 20301 WNUTENTE) SINDMNO YOLVIS ZI-9 *OId .

c—~ . 1 R 1 . 1 . i

L T T - T 1 T

ars - 0t g0 - - 90 o - T0 T e

Smm g iy g = (75

“wm gz - 4

A998 TV

ot

Yot

[sdrv] .I.mno



T L
TR
T Ry

'-6.4. Effect of Rotor Thickness

-

Next the set of tubular motors, having the constant air gap‘ya

. and variable rotor thickness y is considered Fig. 6-13 and Fig.

o

, . 6-14 show the output forces for copper ahd aluminum sleeves respec-

/4

gy

'with the aluminum rotor sleeve with higher resistiv1ty. : : !

tively. For small slips the forces are. increased for higher slips

they are smaller. The efficiency characteristics (Fig. 6—15 and Fig 2
‘6-16) and stator currents (Fig. '6-17 and Fig. 6—18) are affected in a

* gimilar way as the forces.

"The increase of fortes andnefficiencies is the result of in-

_cteased rotor cOnductivity.g As the slip increases, the. effect of

'increased leakage inductances is larger and the forces and efficiencies

l

decrease. " This is more apparent with the copper rotor sleeve than

’The tubular n?tot; employing rotors with. different thickness
s

of the sleeVes has better force and efficiency characteristics at
,,r-:fv.; o
higher speéds of the rotor. As the dxrect result of increased rotor ks

leakage inductances for small*dlips, the increase of the rotor sleeve

&pickness causes the decrease of the output forces and efficienc1es.

For small slips the machine performs better, as the effect of higher_

conductivities is bigger than the effect of. increased rotor 1eakage

1nductances.

1
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6.‘5. Constant Clearance g

Next, for practical purposes, the air gap clearance lpyzl = ,_yll’

‘ between the windings is kept constant. The effect of the rotor con-

ductor thickneg i‘? Snsidered for the type I stator vindings. This
L

means’ that eh” ingrease of the sleeve thickness causes a correSponding

’ - increase of the total alr gap thickness, thus the effect of both on

> :
the machine performance is combined 'l‘he air gap clearance is 0.1 cm.

The output forces are plotted in Fig. 6—-19 for coppen@ieeves
and in Fig. 6-20 for aluminum sleeves. An increase of the sleeve
thickness causes an increase of’ output forces “fexr_small slips and a
decrease of the forces for higher slips. The decrease is caused by
the increase of the leakage inductances. . |

{

The efficiency curves in Fig. 6-21 and Fig. 6—22 show son;e in-

shnll slips and decrease for higher slips.

crease :Ig, effici?u:y '.
'being the result of a cA{bination of rotor sleeve resistances and
- leakage :inducfance. Fig. 6—23 and Fig. 6~24 show an. increase of stator
‘, cu{;rents as the sleeve thickness is increased and consequently the total
impedance of the n‘:achine is decreased as the crease-of leakage in-
ductances has . a smaller effect than the incre of the conductivity.
The machine performsnce is affected for the higher slips being |
‘decreased especially for the mnchine wi?:h the copper rotor sleeve. .
)&H Y

Therefore, an increas che sleeve thickness. while the clearance

is kept const&t, results in a machine with inferior output cha— o

racteristics .
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6.6. Conclusions
| A tubulaf motor is a linear induction machine which 1s very
simple to nake. This holds especially for a nachine with the type I
3 stator winding distribution. Hot;orsv with :type/"Il and type. I11
winding distributions are more‘difficultyto make, but the resulting'
" increase of efficiencies 1s considerable. - This increase is approx-
“ix’nately 40X for type II and 100X for type III 'statnr_wind:ings over
type 1 windings in our exmle.ﬁ‘lt 1s also interesting to notice the
drop in the stator currents for type II and type IIT windings, caused
by the increased inductances and rotor resist:ances, i e. the total
iq:edance of t:he nachine is increased ’

Wben designing a tubular motor, one should take t:he cost of
winding and the increase of effici}ncies into consideration.

Next the nachine with a constant rotor sleeve thickness was
considered. l:l:_}e air gap.thickness variations showed that an increase
of the air gap causes an -.increase of leak§3e inductanées, thus
detericraring thg machine per.fcrnancea. In}other words; a designer of
a tubular motor should keep the‘ air gap as small as: pcssible. The
‘motor vith fever layers of wires in the . stat:or winding and with the
larger repeatable sectiou ‘tr would have higher efficiencies.

" When the air gap thickness is kept constant and the. rotor sleeve
"thic"knesa is assigned different- values, while the clearance is _cyanged '
accordingly, the machine p'erformnce is dependenton the ‘snj;; For
s-all alips,'- the increase of rotor ¢°°d,“‘Ct1"'}EXVh‘,3 a bigger effect _

than the :lncrelse_‘of the leakage inductances and- the machine \perform‘s"
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. : . o
better. For higher slips, however the increased leakage inductances
‘cause’ decréase of the machine performance. This 1 means ‘that the

machine having smaller amount of rotor conductive material could per—b

form better than a machine having a thicker rotor 51eeve when the air

B

gap thickness is concerned : ' *

When a tubular motor'has‘a specified clearance and a stator
"
.winding, one can change the output characteristics, using rotor with

different thicknesses of the rotor sleeves. Noy the air gap thickness
~and the rotor sleeve thickness are combined and the machine performs

better for low slips, ay the rotor conductor thickness is increased

Lt “J
For highervslips, the effect of increased leakage 1nductances is

) L
bigger than the effect of 1ncreased rotor‘conductivity and the machine

performance-ls”decreased.._Therefore,‘when designing a tubular motor ‘,

for low speeds with the clearance specified one should des1gn the
sleeve as thin as possible. There is a limit‘to this, as, comparison T
of Fig. 6-21 and Fig; 6-22 reveals that the increase of rotor resis~
tances causes Ehe expected decrease of the efficienc1es. :

The effect of hipher harmonics was+found negligible Tor the
applied approximation of the hyperbolic functions for the assumedb
‘stator winding distributions. For different types of- windings the

f‘approx1mat10n may not be satisfactory. , ‘ .\'

The theory used within the paper is general and may be used

fox LIMs ‘ . The inductance equations (3-9) hold for machines
N

satisfying the assumptions in Chapter II.
. . . I4

°
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' The study presented above is applicable to the "infinitely long"
‘ tubular machines. 1In practice, this means that the more pole pairs
the ‘machine has, the more exact the equations are. The asoﬁmption,of'

an infinitely long machine lies in eQuations (3—6) .To solve the )

G P

entry and exit edge effects, the different boundary conditions would —

B 1

have to‘be found; this in turn would lead to more complicated equa—

tions. It would be usefulhf ¥.r

" aion of the edge effects, as
dicted more exactly, especial

.
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R APPENDIX A I "
& . n P
Solution of Laplace's Equation \\\\ :

i

There are 3 regions to be, considered for thi(tubulér motor
| (Fig. 2-2)r - o o . o
' . . ] . - . N . B ‘9\

- (1) the stator conductor Ly 2y 2 v,

> 2

L (2) the air gap - , ' Y, 2y

-

b 41

v
C v

(1) in the air gap R S

2 Az; =0 . ve=d,2,3....

(1)

4.~ + ‘has the solution of ‘the form °

A= A(x,y) = X(x) Y(y)
'Then 24, .o - S
S v M {0 2J. G € R S
- ‘ ' - 32 .

ay—z- X(x) Y (y)

© . and (2-24) becomes . !

YX' 4 XY =0. o weal
or . _ S E 3

1] LU . .
¥ T BRCUN
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Since x and y are :lndependént variables, ‘they do lfb} depend‘on

each other and (2—24) is t

. consgtant, th‘erefore . é 3
// " n
X =c¢X
Y = - ey
I_.ét c=- 22, then ,
o,
LY i .

and
';I'herefox‘g
~« . end

Solving the equations, we get

s

A= X(x) ¥(y) ,’-'(B sinhly + B

. +D coslx) L ,;
ESt 2 RN
- S _ - .
‘é )
' . + K s:lnhly) sinlx]
. B ~

“we have

Since - B=VxA=yHa=1

coshdy) (C sinix.+

onlz if each term 1n (A-lo) is the same

“-s)



" 3A,

e AR

";‘_“-")ﬂ';et‘efbtfe, f;pp (A,-S)

- (
Hx - A[(K sinhly + K coshly) cos@x + (K sinhxy +
+ K cosh\y) sinlx] T -
,* # ) L 4 . .'.. f@ Lo ' v 'v." ..‘ . . )
By - ux[(!(1 ‘coshly + Kauginhl\'y‘) sN - (K2 coshiy +
ST x; sinhly) cosix] . R
| ’ : e ;
~o %u‘ R -
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(a-8)

(ii) Region 1- the stator codéhctor within vﬁich (2—-22) holds'

| axz | 8_:; - - vt c6six® 4 b5 atared)
g *\‘:r*“ay oy 1 - o o ‘, . » . .
% . ) D B . . R : o ) ‘ . '} ",

" and xa‘-, x, y9 = y, 28 = 2, 30 we’ have

228, 32 - T o
8x22 7":- = - u(a® cosAx + bsl s:lnlx) ‘

. . ‘ﬁl;iiéh‘-;is.:‘étisf‘igd'b} - S T w

1

hd Az. -’ u[(l( coshAy + K sinhly) coskx + (x coshly +

+ K, sinhxy) s\g,nXx +' A— (a coaxx + b8 sinxx)]
B, ; SRR .. ) .

Therefore,

Hx - A[(K sinhly +- K coslﬂy) cOsAx + (K sinhxy +

L O\
+K, coshly) sinAx] . e \



\ .
B

oo U ] 18

éy = W[(K, coshly + K, sinhiy) sinkx - (K, coshly +

"

+ K, sinhly) cbsix + 712- (a® sinix - b8 cosix)] - (A-12)

&

-

"(111) Region 3 - the rotor conductor in which (2-23) holds.

’ Réfgrring the rotor currents to the stator reference frame
S ‘ a \
yr =y _ = . : ‘
. (o]
2l = 2
xf = x8 - x T = x - x T \
where xol,"\:\tlsn the rotor origin referred to the stator a&d
xor = X't for rotor motion gives the Galilean ttans_f_oraat{on )
ds, 3. |
We’ have P e . Y
5 . . e BN . : NP . . \
32 a%A, . g o et \
y o0z , - _ ’
R e LI
= - ular cosA(x - xof)"-!- bT sinA(x - x,F)] =

- pu{cosrx(a® »c?s.kxor_ - b* sin)"o:)- +o Co
+ sinXx(al ‘§?in)‘ito';r'+ b* cosax,T)] % . \

-t

_ The solutfon 1s of the’ forn' - S

. .‘ . . ‘ . . _-» a‘.
. T UL . . oo
A= ul(K] coshry + K, 'einhly) cosx + (K, coshiy + .

P A K: g_iixh?\y), simix] +_:-£,_-_: [(a* coskxor - bT 'sinkxor.; cosAx + ,
. _' + (af sindx,” + bF 'cc'm).'xor) sinix] ST (A-13)

" .
\‘_
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~ Therefore: .
‘} Lo . <
' e  :||4 BT i H . x
By = — iu[(Kz coshly. + K, sinhly) cosAx -
Bx(KT‘coghkf + Kg sinhly) sinix +
R T ’ o '{.,

e
F ) .

' + ;15_.&’(&1' s@ktdr-+ br,'cosxxor) cosAX -

Az (ar cosxx r_pT sinix,T) sinAx)] - (A~14) N

and

Hy -~l[(K sinhxy\-i- K cosh)‘y,g co@x +

! ,ﬁ o

s (K sinhAy + K coahly) sinlx] I | ; (a-15)

let ) S o SRR R
fal adey- “x ’r' e t_ 4 PRS- s Yo
(a ) s;px;lo + b% cogAx,T) = C, _ k

- (a¥. cosAx,™ - bT ginax,T) = C, - o  \ o (a-16)
Substituting (AZ16) fnto (a-14) = R R
By‘ ;:'-:ux,[ (K'l' cﬁos‘h\‘Xi'J?I- K; 's'in‘h)‘y)fi sindx -. . P

( ~ oL - AN

- (K‘z' ‘vcosh'xy +' K: sinh\y) ‘cdsxx +

+«A2 (\c‘llpin)«.xfcz cosix)]. S (A1)
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' APPENDIX B
' ‘Stored Energy Calculationsg
v 1y - Evalueti_on of (3—-2) A.give's
W= "“P’f z v[(K 2 +K,2 +K,, 2 ME 2)(ainhl\,y3 coshiyy, -
. , B S
- sinhl,y, coshl,y,) + 2(K) Ky, + Ky K, ) (sinb? -sinh?)y ) +
’ ’ L . . s
+ -1- (“1\,88“‘ bs)(sinhx y3-81nhkvy2)+ ;, % a8 +

1/

. *E bs) t:o:shx\,y3 coshlvy )+——§ (88 "'b8 Qg(y3 yz')] (B-1)

W, =, ‘—Q._ z v[(K +K +K +K )(Bi.nhl\,y2 /s’fﬂ.\,yz - '

ra
- sinh)\,yl cosh) ‘y ) +2 (Kl\’ 3\, 2\, “\,) (BillhzA y-sinhzkvyl)]

TN

» 5
e AR N

&

R
e

| w -1 “2 2 ."S“"' Lo N . . .
[ B K 2 . . ) ,
3-'. o \:-1\’[(K + Kz\?; ). syinhl\,yl ceah}t'\,yv1 +

L - r o
v J P . . - ™

(K C, +K c) sinhxvy1+-{—-(c +cz)] (B-3)
v e '

\) . Nz

. Because of the complexity of t:he bove expmaaions, {A’tst the
.
hypetbolic functions were represented by the first terms of the

corresponding series. If t:he ratio of air gap thickness y3 to
. SRR .

‘ V-(g.'z) .

Ry



‘ " v.uz)*'
~- o

R

‘wavelength 1y 1s small (17), then’ coshdy, *.1 dnd sinh y, < 0.} and

sinhly; = iy,, sinh_Ay2 = Ayy, sinhiy, = Ay,.

-t . - .
14

phoniRed

~

A

Also ' bsiﬁhlyl s sinhly,
. . v «
1 = coshiy, N coshly, < coshiy, ~ 1,

3y

Thus the set of equations (2-41) becomes
K, ~ —— (C -afy,)
1 "iya IR A R
2 "%y, "2V T Y,
K. = .1_ (a8 - C )
R U R £ R A
. ., . S »‘ . v C L
R} = —5— [C, y, + 88 (y,= y))]
1533y, "1 377 Y224
Ry » =~ [C, y, +b8 (v, - y,)]
2" % 2 N A TR T N

o]

H ]

‘.A'
3

o
& -
1Y
]
>
1

A
PN
«

[ =]

o Mgy 0y -y * €05 ~yp)

.

w1 8 _ 2 L il‘i.“
%2 = 127 B0, “Yp) T Glyy oyl

-

4

g ‘CJl'- y] L. . ) v . -\"' B ) . : -‘ |

-

sinhly, v

" 81
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‘ vy (y.-¥)
- _ 172473775
+20c; a8+C, b8lly,(y;-y,) - ,

82
- Substituting (B~4)\1n\to (B-1) ta (B-3), we have
7 N \ . . "\1
. . 2 Sy -y ) BN . .
y _g_ z a82 + 582 Y2 V3 2. _ 2 yz(y3 - yz) +
: vl A} ya IS y3 27

N

+y3(73-5,) A2 v} ya(y3 yz)«zx'2 (y3 -y, )]

—

2< )
+[c2+02]L Y3~ Y2

LA 3,003 2 057 <’]

A
v

R R S 2 MO ) B
, s N

(B-5)
“'. ) . j ’ . v. - . . . ..; o
U SR (ol .- —y.)2 e
WZ - -E-a a®, +b : + :
.o v=] )‘\J y3 L Y3 . '
. L ) . . . : .
R ’ 2“ P A
A B A AU e ]
o+ [C +C ] —T—- - 2 )\ (y2 -yl )Y,l + Ay le_ya(yzf‘Y,l) +

L S o Ny L (-6



+2 [c asfc b3][y(

83,

=y’ -2y, Gy - Y1) + 5y v+

, " | .
V3~ yz) A (33-5,)(G;-y)] - ®B-7

:;")‘;
b

Inductapces&of the equivaleut maéﬁiﬁ%”uere determined from the

~ above equations as

PLut(k, ®)?
S W

. 2
) PRut (K, 8)
Lyyp, =

rtv 4 Ay b L
/ ! "

PLuT(K,,8)?
Lst\, - ‘._4 A, Vs

[i'+ Ay

iy
Ha

2 - .
1+, (@ ylf2 Yy Y, - y3?)]

) . \ v : ,
(le +'Y2'2 +»Y2 Y;\yj ' ) (B-8).
/.

PR - /

N
R
4 n

tesultingAiu‘Lsrv > Lggy > Ly, and negative ldakage inductances of

‘both the rotor and stator.

o

Therefore the above approach was not used.

\

¥ (14) Instead equations (2—60) vere substituted 1into (B—l) to’ (B-3),

i

reaulting in the following.
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v=] :

+ sinhz_lyl) (sinhiy, coshiy, - sinhly, coshly,) -

= 2 sinh®ly, cothly, (sfnh?ly, - sinh?iy,)] +

a

. ~. N R . ’ : ’ e
+ [(a8? + 8%) /3] [(stnh2y, coth?ly, + .
-t sinh?ly,) (sinhiy, coshiy, - sinhly, coshly,) -

|- 2 sinh?y, cothly, (simh2iy, - .sinh?xy,) -

-

-2 sinhl'yé cothly, (3inh)‘y3‘.;-'j gmhiyz)' +

Y

. +‘2 sinhly2 ('(:os_rhly-:‘l - coshkyz) + 'A(y3 - yé)]- +

+.1(2C 2% +:2C4b%) /3*] [sinh)y cothly, (sx,nmyi-"smhxyz’) -

7 .

,-'.‘_}(:smh;\y»1 sinhiy, coth?ly, + sinhiy, ﬁ;lnhlyz)ﬂ(*?ihhlyg 5"““"?3; .

.= 8inhly_ coshiAy,) - sinhiy (cosh)\y. - coshiy'.).‘-l—
o 2 "R R '3 Tl

~
N

~ + 2 sinhly, sfnhly, cothly,. (sinh?Xy, - sinh2iy,)}}

E Y

¢ ?

\84'

" LWI = . (LuPx) /4 z T v {[(Clz + C22)/1"] [(si.nhzxy1 cochAy3'+

< L
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Wz = (LuPm)/4 ':EE v {[(Cl,2 +‘022)/A“]m[(ainhzlyl_cot$21y3 +

S ovwm]

| A + sinh?Ay,) (siohly, coshly, - sinhly, coshly,) -
/-., Av,_ -" ‘ . ‘-

- 2 sinh?ly, cothly, (sinh?\y’: - sinh?ly,)] +
1 £ 3 & 4

+ [(a8? +'b82)/A4] [(sinhzly_z‘cothz)‘y3 + Qoshzlyz -

Lo

- Z'sinhxyé_coshlyz éothkya) (sinhxy2 coshly, A

-

i;.z-isinhkyi éSshlyl)] +
o i /

R
YRR

~

4,

“A'Bidhay sinhly, coth?ly,) (sinhiy, coshiy, =
= sinhly - coshly,) + ¢sibhly, sinhly, cothly, -

o éinhkyl coshkyz) (sinﬁzlyzja sinhzlyl)]}
NI Ty

s .
[

-

ve]

f2’(blés-+.czb8)/A“]{[(sinhlyl hoshlyz cothdy, -

" (-10)

o~

LWy = (PW/G > v ,{-[(Clz' +.C,2)"] (2 stahhy, »_eaiz_m';\yl cothiy, -

_ oo o e | .
coshAyl) + dy, + (siphzkyl'dothzly3_+ cosh?Xylt—

:2.sinthi»coghAyi cothAya) éinhkyl coshlyljri

o+ [(aazi{bdzj/k5][(éinhzlyzxcothzkyé + coshz_xy2 -

f“‘2 sinthz coshly, coth)\ys),sinh)‘yl coshxyll +

+

[2‘(Cla3 + csz)/x“] [(éinhlyl cdshxyz cothly3f-

-~
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":‘l h'" ‘ 1‘1" . _ ) ) - . S . )
- s'inh)\y-l.“‘s';l.nhvkyzh &cothz}ya - coshAy1 coshly2 +

P

. “45_('cog?hly2 - 'sinhkyz cothAya)"'sinh)‘yll} '

-

e ' DS N A / a
S g cp:oé%ﬂ,yl sinh}‘y2 coth&y.a)' Qinhkyl coshlyl‘ +
[ A : .. e

b . -
- sy a

L4
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APPENDIX C

' ,
‘ iy ’
- MACHINE DATA AND CALCULATIONS .
. . \ . . o

\

.
L S ’ . *

C-1 Machine Data - e : ‘

The machine can employ different rotors, as they are easy to

renlace. This is a big advantage of tubular motors, as- different

characteristics of the machine can be obtained simply by inserting

»;rotors with diﬁferent thickness of the conducting sleeve and/or

diffe;Eﬁt sleeve material. =~ . :.‘

r

The idealized machine used for gigitalignalysia has the

following data: 1 o ~ C ) . j </j\ R
R | R v (v,'

¢

Overall diameter of machine v 7 cm-
Thickness of stator winding : 0;6005.cm"
‘. i : . .v Iﬂ» v

Stator length o ' 24,2 cm

£

Power supply 110V, two phase,. 60 H_fn

4

 Stator wdnding 432 turnp\per T, per phase. .
s I TN |
Wire . #18, 7.76. 0 per 1000" at 75°C
S o . ' R A e
» ’ L ) ’ ) . / . s ’ .
Rotor sgleeve = copper, o = 4,93 x 107/mhoa/mct ‘at 75°C
. alundném, o = 2.97 x 107 mhos/mqéijiat 75°C

) ?our'pole‘gtator Ty ="12.1 cm, V8 -frrf =- 7;26,m/se%l_
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c-2 'Stat:t Windings

aimple ;tator vinding such as one. having the cutrent density

distributiol! ehown in Fig. 2-3 'will be'called type 1 stator winding.

The distribution factors are derived from (2-3), giving

(%

- sin Y
RS -« & -4 v
av Ty ™ . . cos 7 -
' 2

?

4

where N is the number of conductors within thefshaded area in

Fig. 2—3 . : o ) o @
We have -
;
8 _ 8 o ‘
Kay Ky 7 A T

~ .due to thé‘ dymetry of the iviﬁc’linga.

1

Type II stator w:lnding has’ the stator current density distri-

.bution as shown in Fig. 2-5 From equatiop (2-3) we-havewi

4
, v K:v‘ = —;"_'v— [2 cos (v0 ) + cos 123 =
(\ . “ ‘o” \
- cos 3—2\-’- = 25co08mMV - cos.. 2%2 -+ cos_ -72—\) .

o

\
L)

, A ! .
where N is the mmber of conductors vithin t:he shaded area in

Fig. 2-s, T \



1 b

\.’ R p.
) Winding. is syuinet',:ic, therefbr,e . ‘ Ed ST
. "o % . ' - . | . L
3
va

Type III stator 'w:ln,d:l)n’gs have current

density disfrirbu‘tions ‘
shown in Fig. 2-6. Substituting fneo (2-3) 1 .
.,\ |
LAY ;
. in —
s . (el VI n AU
K, '_r: ™ 3+2 cos = + cos 3 - '
12
- cos: FT-LA S ‘ 2 vcés \.Sﬂ] - O
o3 A (c-3) .
? (Q — | - ¢ . J
vhere N is the nunber of conductors vithin the sbaded area :ln
Fig. 2-6. 7 S SRR Y
. 1 . .’ !
: / We have again '
‘,8 o .s . \\
,Kav = ‘Kbv ) ; _
N ] . ' - \'..‘.'.‘-.|_ !
The winding distt:lbution factors for three types oﬁstator
winding distributions are listed in Table 1.

“The &hp11:ude of the
first harmon:lc is the la{;est and the Iachine v:lll rum on this pre-

doninant hatmnic.



s

“Kay [tixms/n;etre]
o ey e |
. Type I Type I1I - -Type III
1 4546 5939 - 8572
3 - 1515 820.1 7143
. SR B
5 '909. 2 492 - | -~ 1714
7. - 649.4 848.5 | - 1225 -
.9 505.1 | - 659.9 238.1
11 - 413.3 } - 2237 779.2 -
_TABLE 1. WINDING DISTRIBUTION FACTORS

90

A



c-3 Digital‘Pr;g_ams

. c
P

The program in Tiﬁle 2 is written for inductances derived from’

equation (3-3) for magnetic tored‘energy. The hyperbolic functiona

‘are preserved and ' therefore even higher hl&monic inductancee are

exact (for the assumptions in - Chapter II)

Table 3 lists the program based on the equation (3—4{ for the

inductances where approximations were used. .They introduce an error °

1

~ into the higher harmonic: inductances.

. Both program in Table 2 and Tab/le 3 are used for the type I

winding distribution.< The calculations of type II and type IT1

. winding distribution machineg were done with- the progréms in- Table 4

and Table 5 respectively, in which approximations of hyperbolic

functions were used.

> . L R P e et
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C-4 Inductances SR e L
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A couparison between{ the two programs showed as expected ‘an
increase of the error as the air gap "was increased - For, large air
gaps (i.e. y1 = 0. 25 cm, ¥y = O 5 cm), the error for the first harmonic
inductances was less than 0. 22 while for the third harmonic (it was

I .

almost IOZ }I’he overa{‘l effect on the machine performance_ was negli- ‘

]

s

" gible, the on y ‘xjonsiderable error being for ze\zo sli;p 'fthe effec‘t ‘

. . r o
v of higher harmonics was stressed e / A

For machines having very large air gaps orhaving statcl winding
diatribution vith conaiderable higher harmonicsg ot for machines running
| the higher harmonic the program with hyperbolio functions mu.st be.
o

do ‘ : ‘ » . ‘ - '( LN ‘.’ ) - > o < .
As tl'}’e" valued of t?ie air gap and rotor sleeve were changed the

machine parameters changed too,, therefore, next ia an‘example of para- -

meters for y = 0.2 cm and y, = 0.3 cm-only. The machine has .a t'yne"I'

.~

winding. 4 3 P

Lo o o]

0.27-{ 0.09719_,y0,0h958 ”o.dg , 0.02008

" "TABLE 6 ROTOR"RESISI‘ANCES-"‘ S e
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