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Abstract: The trapizoidally raded linear syncheonous motor providos
d comoined ft dnd (hruzl for magice vealvies. Its mogniet i3 U-shuped
with split polee surrounded by inveeter-fod cotls fistorting field 1monyg
ihe

Juur. Modefird Jrom Leyg-cay, tls rdu s Irdpeuddt dnd W propes
ta miingmize eolyctanree, Thiz paper abtaing in theory the induystances

of the new verdiun cornparsd Lo Che uid uns fur inverler design,

INTRODUCTION

The Zig-Zag Linear Synchronous Motor, ZZLSM, provid-
ing a combined lift and thrust for maglev vehicles is shown in
Figla. A meglev vehicle is a vehicle that is supported by mag-
netic attraction between a pair of iron tracks and controlled
electromagnets fixed to its chassis. These are called boggies.
one of which is shown in Figlb. The main poles of ZZLSM
are excited by Held curvent through de coils. Each of the
main poles is split into two sub-poles that are surronnded hy
ac coils. McLean(l,2} and West{l.2| have chosen a rail shape
shown in Fiz.2a. Hence. with the ac coils around sub-poles
excited such that the Ae|d is forced through sub-poles 1&3.
the rafl will move assuming consranc air gap. :. to link aub-
poles 1&3. When fleld is forced through sub-poles 2&:4, the
rail will move again to link sub-poles 2&4. Az the switch-
ing of sub-pole coil-excitations synchronizes to rail position.
o conrinuous motion i3 obtained. The ZZLSAN (s unable, dite
to symmetry, to start motion when the vail completely links
sub-poles 1&3 or sub-poles 2&4 at a atop. This may be avoid-
able by another ZZLSMI pair phased quarter of a cycle away.

Now for the same magnet. Al-Kasimii+. 5 and BaQubasi4i
noted that if a trapizoidally shaped rail like the one shown in
Fig.2b is used. then the ac coils around sub-poles can be ex-
cited to force field through sub-poles 1&3. Hence, the rail
will move assuming constant al gap. :. to link sub-poles
1&:3. The feld is then forced through sub-poles 28:3. Hence,
pulling the rail to link sub-poles 2&3. Forced through sub-
poles 2& 4, the fleld then pulls the rail to link sub-poles 28&:4.
Finally. wien the field is forced into sub-poles 1&4. the rail
will move to link them both. This completes one cycle and
as excitations of sub-pole ac coils are synchronized to rail
position, a continuous motion is obtained.

This Trapizoidally Railed Linear Synchronous Motor.
TRLSM., is noted to have no symmetry position throughout
its cycle. Hence. uo need for z starter exists. Another feature
i3 that the switching frequency is half that of the ZZLSN{ for
same speed. since the rail cycle length of the TRLHSM is
twice that of the ZZLSM.

NOTATIONS
The symbols used in this papes ave lisced below:
sub-pole surface area
overlap area of sub-pole i in TRLSN. ZZL3M respec-
tively
ix,+ current flowing in phas¢ X ac coils of TRLSM and
ZZLSM respectively
Ip,In feld currvent flowing in TRLSM. ZZLSM de coils
\.. VL flux linkage of ar coil around sub<pole n in TRLSM.,
ZZILSM
Y.,V peak flux linkage per ae coil in TRLSM., ZZLSM
. Aux linkage of pliase X coils in TRLSM., ZZLSM
J . ['- self inductance of phase X coilz in TRLSM. ZZLSM
py permeabilicy of air
= m' peak mmf excitation per phase per sub-pole in both
TRLSM and ZZLSM respectively
~' presultant mmf excitations around sub-pole j in hoth
TRLSM and ZZLSM respectively
ne, mtae mmf of phase X armature winding per sub-pole in
TRLSM. ZZL3M
Mz mutual inductance of phase A coils due to curvent [-

in ZZLSM

< e

Mo, Mt net de mmf excitation of field winding per pele in

TRLSM. ZZL3M
Y- mutual inductance of phase X roils due to curvent -
in TRLSM
N number of turna of ar coil around any 5Uh'p")l‘.‘
Vo number of turns of de coil around any pole
* angular frequency of ac supply in TRLSM. ZZLSM
s TRLSM fux due to »i, which leaves sub-pole i
o TRLSM flux due to m. which leaves sub-pole | (©
‘ 3ub-pole j
2y, oL fux due to all sub-polar mmfs that leaves anh-pale k
in TRLSM, ZZLSM
p pole pitch
d,5' phase angles of ac excitations in TRLSM. ZZLSM
¢ time starting zero when rail completely links sub-
poles 1&3
T.T' time period to complete one cvele in TRLSM. ZZLSM
U speed of rail velative to magnet
z energized air gap

ASSUMPTIONS
For simplicity. the following assumptions were made in
the analysis to come.
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. All sub-poles have the same surface area, 4,

. AC eolls around subs<poles ave idunticul.

Width of dot in the main poles Is negligible.

. Fringing and leakage are negligible.

. Steel and copper loszes are negligible.

Air gap, :, i3 honwgeneous over the sub-poles.

. The energized air-gap faces equal areas both at rail
surface above it and at magnec pule surface below
it throughout motion. This is justifled in view of
assuniption 3 above.

8. The energized area per poleis composed of two por-
tions. Each portion belongs to one o the two adja-
cent sub-poles within the main pole and is assumed
to vary aiuusoidally betweeu zero and 4.

9. Speed of metor relative to track, u, is constant.

10. Field nunf excitations are constants.

11, Flux linkage for any ar coil varies sinusoidally be-
tween a minimum of sero whea ita sub-pole is fully
uncoupled to rail and a maximum when its sub-pole
is fully coupled to rail.

12. AC coils are fed with sinusoidal ar current phase-
locked to rail.

13. Windage, friction and other drag forces are ignored.

NO O WO =

THEORITICAL ANALYSIS OF TRLSM INDUCTANCES

Coil Connections for TRLSM

When therail of TRLSM moves in the direction indicated
in Fig.2b, flux linkages of ac coilswill assume linear segments
and can be approximated to sinusoidal variation as shown in
Fig.3a. Note that \; & }; vary in-phase with each another
and that +« & 4, also vary in-phase wirh each anocher bur in
quadrature lag swith Y, & : variations. The period o these
variationa is given by:

T—_—iy/'u.‘

with angul ar frequency. ~. given by:

‘_7.4104 (7%

Hence. to Obtain maximum variation in flux linkage per
phase, the ac coils are connected a3 shown in Fig.da. Note
that phase A leads B by a quarter o acvele, and that the
dc coils are connected so as to build constructive Bux com-
ponents.

Magnetic Sub-pelar Excitations for TRLSM

Each o the sub-pole;, in Fig.4a could be considered ex-
cited with two components:
1. dc due to the Edd current I flowingin the dc coil d N
turns. thusgiving a dc exeitation magnitude of:

Mp=Nplp, (3

and:
2« ac due to the armature phase currents iy or iz flowing in
the ac coil of v turns. thus giving an ac excitation magnitude
of:

malt) = Nié) = meos{wt + 86, {4)
or:

mall) = N igld) = mainla? 00, (5}

Using Fig.4a and denoting r1, me. m3 and my to be the

resultant mmf excitations around sub-poles 1, 2. 3and 4 re-
spectively, with positive sense when forcing Bux to leave the
sub-pole, then:

gy o ey
mpe) = "‘.‘[D Toaleg, \0}

mait) = =Mp + m4iti, !
mdﬁl:_\{p—#—nlglﬂ&" %1
myl(t) = Mp - mps(t). (9)

Energized Sub-polar Areas for TRLSM

With 4,, 1), 4; and 1 defilned 23 above; than these areas
vary trapisoidally as shown in Fig.3a during the rail motion
indicated in Fiz.2b, Note that the sum of any two adjacent
areas IS constant and equals 4.

For simplicity, these trapizoldal variations are assumed
sinusoids between a maximum of 4 and a mininum of zero as
shown by the dotted linesin Fig.3a. Theequationsdescribing
these approximations are:

Ayl = (47211 + cosiw t + 1 /4)]., 110

Ax{t) = (A/2){1 = cos{w i+ 7/41], {11}

At = (4/2{L+conwe - r[H]& 11

At) = {421 =200l et = /4] 113)
M s for TRLSM

Let 3, be the flux due to m, that leaves sub-pole | to
sub-pole j. Hence. each of my. ma, ma and m, mmfs {s driving
an associated magnetic circuit similar to that shown in Fig.5.
Hence. using the equations abeve for 4;. then:

oultl = uoAime (24 - A)/24: & 14
Syt = o dime 4,/24:. {15}

Hence. applying superposition theorm to find the Aux
#1(?} leaving sub-pole 1 due to all mmfs of =y, m;, m; and
ma: then:

1= = T M

Using (14) & (13) for é1y, a1, ¥31 & a1 vespectively and
rearranging. then:

ot = un Ay [.'l?lmg —mal+da(my —ma)+4y1m - m;_l!‘/‘.!.i;?.

Using (6). (7). (8) & (9) for mi. mas ms & my and rear-
ranging then:
it =~ A 2Mo A + 4+ m 240+ a4+ 4y)
+mpids - 40]/2 4.

Using {11). {12) & (13) for 4z, As & 44 and simplifying.
then:

bR = —ptg Ay 2 Mo+ my {2 easlst o T/4)

A

+meeoatiut— 7/41/2z. (16
Similariy: ¢7. »3 & 24 can befound to be:

otk = —py A2 if.‘[o -1y 2+ cuz{w b+ ,7/‘4}‘;
TG Cudlw b = T/'-{‘;}/I:;, 17

Gs1t) = po Az ['ZMD +mg {3 —cosiwi — 7/41}
Fmqcodiwt+af4ijf2s5& (18]

o410 = po A4 [2Mp = mp {2+ cosiwe — 7 /41}
+macosiw i+ 7 4}/, (15)
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Magmnetic Linkages LS)
Now: the fux linkage 14 of phase A cau be seen from

Fig.4a to be:
A=Y (92 ).

Using {16] & (17) for 2y & #. and simplifing. then:
Malt) = —po ¥ [:.";'.'{'_\ - A Mp
—ma i MAe+ 4 F (e - A esslwt + 7/40}
+ (4 - A ) mpese {wi— "/{]]/’::.

Using (10) & (11) for 4, & 4- and simplifying, then:
Aatti = —ua AN [=2Mp costwt+7/4—ma{Z=cos 1wt +7i4)!
—mgeosiwt — 1f4ewsiwt+ 7/4i]/2:.
This is simplified further to zive:
W =g AN Mp coelot + rf4) L m (|34 2in(201)]
+ mp rnal2 ,_:HIH . N
Similarly. the flux linkage 31 0| phase B can /e found e;

Vait) = po AN HMpoos(ut = 7/4) + ma {3 - sin{Zui)]
+mac20) L. (21

Self and Mutual Inductauces fOl TRLS\
With inductance L. Moy, Min & Mop as
defined earlier and using ( 0) ( |) (3),14) & (5), then:L, is

the Hux linkage of phase A coils due to unit current in phase
A coils and is given as:

Li=uy AN 1342206 {41, ok
) = is the #Hux linkage of phase B coils dne to unit current in
phase B coils and is given as:
gy AN 12— aial? 4\!//47 (231
Ms= iz the flux linkage of phaze A coils due to unit current
in phase B coils and Is given as:

Moo= g5 AN mal20n/gs, 24

Me s i3 the Hux linkage of phase B coils due to unit current
in phase A coils and is given as:

Moy =poAN-22ut[4:= M 0, 195
Mip is the flux linkage of phase A coils due to unit field
current aud is given as:

Min=us AN Nooozigt + Tf{‘/ftf-f 1261

Mzp s ebe flux linkage of phase B coils due to unit field
current and is given as:

Mon=pn AN Noeoalwt— /4], 127)

REVIEY ANALYSIS OF ZZLSM INDUCTANCES
Coil Connections for ZZLSM

When the rail or ZZLSM moves in the direction indicated
in Fig.2a, flux linkages or ac coils will assume linear segments
and can be approximated to sinusoidal variation as shown in
Fig.3b. The period of these variaions is given by:

Pt :‘_“p/vgy !":’i!

with angular frequency, ./, given by:
w'=7Tulp. 29

Hence. to obtain maximum variation in ux linkage pee
phase, the ac coils o/ connected as shown in Fig.4b.

Magmnetic Sub-polar Excitations for
With treatment siiilar to that oo TRLSM. then the sub-
polar excitations in Fig.4b could be given as:

mi(H = =l = =My = () {20
m':lflz—mﬁltl:—_\[’:%—mf{wls 130

where M & = !¥] are given by:
Mp=NcI ¢ (29

m! it = Nt = ! eoat b4 d 13231

-
The ZZLSM sub-polar areas vary triangularly as shown

in Fig.3b during the rail modou indicaced in Fig.2a. These

variations are assumed sinusoids with equations given by:

Apr = A =142 [1 + englid | & 1241
Abitr= Al = 04/21{1 = connw 8] 1351

Maynetic Sub-polar Fluxes for ZZLSM
With similar treatment to that of TRLSM. then these

Auxes ave given by:

palars 5L R " 3 Lo N
Bt = 848 = —we AL IME + ail) /& (o€}
al ‘I ! /4 I -

A= =8l =~y LM - s 37

Magmetic Flux Linkages for ZZL8M
Now; the Hux linkage 3y of phase A can be seen from
Fig.4b to be:

Ko = NIk =it 49 =9

Using [36] & (37) for ! & o, and simpiifing. then:
Ayter=2uy Nitd) - A0 Mp w04 + A5imjf e

Using (34) & (35) for A & 4% and simplifying, then:

Vol

M8 = 200 AN Mo cos{ut) +ma)/z. {38}

Self and Mutual Inductances for ZZLSM

With inductance L', M’ as defined earlier and using
(38}, (32} & {33), then:L’, is ‘the Bux linkage of phase A coils
due to unit current in phase A coils gud is given as:

L'y =2p ANz 1201
M',~ is the flux linkage of phase A coils due to unit field
current and is given as:

Map =283 AN Nz ezl 28}/, 4

CONCLUSION
The Zig-Zag Linear Synchronous Motor. ZZLSM. is a
single phase linear machine that needs a starter: whereas the
Trapizoidally Railed Linear Synchronous Motor, TRLSM, is
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a two-phase self-starting linear machine. Operating both ma-

ch

ines wich same linear speed. TRLSM is advautageous over

ZZLSN{ in that it is operating at half the switching frequency.

of
ch
va

va

The self inductance of ZZLSM is coustant. whereas that
TRLSM per phase varies sinusoidally at twice the ayn-
rouous frequency between oue half and oue quarcer of the
lue for ZZLSM self inducance.

The mutual inductances in both machines due to feld
ry sinugoidally at the synchronous frequency with ZZLSM

peaking ac twice the peak of TRLSM.

Finally, the mutual inductances in TRLSM due to other-

phase current vary sinusoidally at twice the synchionous fre-
quency, peaking at half the minimum value (or equally quar-
ter the maximum value) of the self inductauc.

8,
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