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. The 'paper describes an improvement to the Zig-Zag Linear Ho-

mopolar Synchronous Motor, ZZLHSM, providing a combined Iift
thrust for maglev vehicles. A maglev vehicle is a vehicle that
apported by magnetic attraction between controlied dc electro-
magnets fixed to its chassis and a pair of iron tracks. The magnet
of ZZLHSM s U-shaped and acts as a two-pole synchronous ma-
‘chine in which each pole is surrounded by dc coil feeding from a
controlled dc power supply. Each pole is made up of two sub-
poles surrounded by ac coll feeding from an inverter such that the
feld could be distorted among the four sub-poles. The rall of the
LHSM is sig-sag shaped and will move relative to the sub-poles
to minimise reluctance, hence propulsion Is obtained.

The improvement to the ZZLHSM described here is in the shape
f she tall. A trapizoldal rall was chosen and the performance
of the Trapisoldally Railed Linear Homopolar Synchronous Mo-
tor, TRLHSM, was compared to that of the ZZLHSM with same

winding and excitatlon conditions, Theoritical analysis shows that

- two achlevements were obtalned:

l. One TRLHSM with a two-phase lnverter drive can be used
alone for self start propulsion, whereas two-phasepain ZZLHSM

- were required before.

2, Switching frequsncy in TRLHSM inverter drops to half that of
TILHSM lnverter for same motor speed.

- 1. Introduction:

~ Fig.1 shows the ZZLHSM magnet, in which the maln poles are

excited by de colls with a net mmf of M, Bach of the main
poles Is split into two sub-poles that are surrounded by ac colls.
McLean!?) and Westl!l have chosen a rail shape shown in Fig.2.
Hence, with the ac co'.s around sub-poles exclted such that the
field s forced through sub-poles 1&3, the rall will move assum-
Ing constant air gap to link sub-poles 1&3. When fleld ls forced
through sub-poles 2&4, the rall will move again to link sub-poles
284, As the switching of sub-pole coil-excltations synchronises
to rall position, a contineous motion is obtained. The ZZLHSM la
unable, due to symmetry, to start motion when the rall completely
llnks sub-poles 1&3 or sub-poles 2&4 at a stop. Hence, to avold
this, another magnet {8 placed half pole-pitch away, where one
Dgle-plt.ch, py I the distance along axis of motion between starting
&ages of poles as shown In Fig.2. With two motors dhplncedgz
away, no symmetry position exists and the two-phase ZZLH

motor nales

provide :-1f start for one another.

Now for the same magnet, if a trapisoldally shaped rail like the
one shown In Fig.3 is used, the ac colls around sub-polés can be
exclted to force field through sub-poles 1&3, and hence, the rall
wlll move assumlng constant air gap, Z, to link sub-poles 1&3.
"The field Is then forced tbrough sub-poles 2&3, hence, pulling the
rall to link sub-poles 2&:3. Forced through sub-poles 2&4, the field
then pulls the rail to link sub-poles 2&4. Finally, when the field
is forced Into sub-poles 1&:4, the rall will move to link them both,
This completes one cycle and as excitations of sub-pole ac coils are
synchronised to rall position, a contineous motion is obtained.

This Traplzoldally Railed Linear Homopolar Syxichronom Motor,
TRLHSM, 1s noted to have no symmetry position throughout its
cycle. Hence, no need for a starter exists, Another feature is
that the switching frequency is half that of ths ZZLHSM for same
speed, since the rail cycle length of the TRLHSM is twice that of

LLARIT-1 V]

ihe ZZLHSM.
3. Theorltical inalysis:

2.1. Notatfons:

A sub-pole surface area

¢ induced emf at ;. i terminale
F magoet thrust foree

Ay peak flux linkage per ac coil

Xy flux Lizkage of ac coil around sub-pole 1

37 flux linkage of ac coll around sub-pole §

s Bux linkage of ac coil around sub-pole 3

Ay flux linkage of & coll around sub-pole 4

M¢ net d¢ mmf excitation of fleld winding

M rms ac mmf excitation of armature winding
N number of turns e cpil aroiini auy subspols
P ac input power

p pole pitch

T time perled to complets one cycle
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{ time

a speed d rall relatlve to magnet
w angular frequency o ac supply
7 energised alr gap

2.2. Assumptions:

The following assumptions were made in the analysie to come:
s All sub-poles have same surface area, A,
v AC colb around rub-poles are identleal.
+ Width d slot in the maln poles Is negliglble.
"+ Fringing Isnegligible.
+ Leakage s negliglble.
+ Steel loss 1s negliglble.
+ Copper loss is negligible.
a Air gap Ishomogeneous over the rub-polef.
+ Sped d motor relative to track Isconstant.
+ Fleld mmf excltatlon, My, Isconstant.
» Flux linkage for each d the four ac colls varles sinusoidally be-
tween amaximum of ), (when ltssub-polels fully coupled to the
rall | glven by:
sy = MHa b M

and)a minimum o sero ( when its rub-poleis fully uncoupled to
rail ),
» Power factor seen by ac supply clrcult is unity.

3.5, Review of Thrust Analysis of ZZLHSM:

As the rall moves In the direction shown in Fig.2, flux linkages of ac
" colls will be obtained as shown In Flg.4, where X, Is given In Eq.1.
1t 1s seen that theae waveforms vary In-phase for the senses shown
in Fig.2. Hence, to obtaln maximum varlatlon Ia Sux nkags, the
ac colls are connected as shown In Fig.5. Therefore, the total flux

linkage at the terminal of the comblned ac colls I8 given by:
A=2) cos(wzi)

It 1s seen that these waveforms vary In-phase for the senses shown
in Fig.2, Hence, to obtaln maximum variation in flux linkage, the
ac colls are connected as shown In Fig.5. Therefore, the total flux
linkago at the terminal of the combined ac coils Is given by:

A =2 cos(wz )

where the angular frequency of ZZLHSM ac supply,

~

wz = 7y,

|

with the duration to complete one ZZLHSM cycle,

Tz = ’—,F
Hence:
wy == (2)
]’
Nota that | = 0 when sub-poles 1&3 are linked by rail. Hence,
induced emnf at cornblned ac coll terminals Is glven by:
ez = -2uz ) sin(wz {) 3)

Hence, Input ac power, Py, for unity power factor, is given by:

2wz A, A

"’47sz k
which, by uslng Bq.{, gives:

Aﬂ, AY,{ A flowyz

4\/52 oL

r; =

Tin electrical ac power, Pz, ls therefore directly converted lnto
mechanical power vla magnet thrust force, £z, Hence

Pz = Fz U
Hence, using Eq.4:
Pz Mo My Apgwg
Fg=—==""S1="2 -
T 43 %u )
and uslng Eq.2:
T M. MyA
- — §)
Pz 4v22p ©)

Note that this Is the force of one ZZLHSM and that for self-start,
two such motors are to be used in quadrature, both timewise in
drlves and displacementwlse In their relative position to rall.

2.4, Thrust Analysis of TRLHSM:

On the other hand, when the rail of TRLHSM moves in the di-
rection Indicated in Fig.3, flux linkages of ac colls will agsume
linear segments and can be approximated to sinusoldal varlation
as shown in Fig.6, where ), Is given in Eq.1.

It Is seen that A, & ); vary In-phase with each another and that -
As & )y also vary in-phase with each another but in quadrature ;
'wlth ), & ); coll varlations. Hence, to obtaln maximum varlation
In flux linkage per phase, the ac colls are connected as shown in
Fig.7. Therefore, the total flux linkages at the terminals of the
comblned ac colls for both phases are glven by:

M=hth=)k COs(wa+ 45')
and:  Ap =y +X =) cos{urt - 45°)

where the angular frequency of TRLHSM ac supply,

~

x

wr = Trs
with the duratlon to complete cycle,

Tr = 42
Hence:

G (M
Note that whan sub-poles 1&3 o ¢ linked by rail. Hence
Induced emf voltages at comblued - - coll tsrmlinals for phased.
girsa bys
24 = ~dpur sinur t +45°) 8)

and:
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ep = —Apwr sin{wr t — 45°) )

Hence, input ac power, Pr, for unity power factor, is given by:

P’I‘ = !mAizvmg)Nw-; Ap ,
which, by using Eq.1, gives:
Pr = (ma+ mp) My A jowr
= V22

where: .

m, is the rms ac mm(f excitation of phase A armature winding,
and

mp is the rms ac mmf excitation of phase B armature winding.

(19)

This electrical ac power, Pr, is therefore directly converted into
mechanical power via magnet thrust force, Fr. Hence,

Pr=Fru

Hénce, usiog Eq.10:

Ir (matmy)Madjouwr
u AR 7Zu

(n

. and using Eq.T:
x(ma+ mp) Mg Ao
8vV2Zp )
Note that this Is the force of one TRLHSM uslng a two-phase

inverter drive for the ac colls, and that self start ls guaranteed
since no symmetry position occurs at any Instant during one cycle.

Fr=

2.5, Performance Comparison:

Firstly, as seen from Eqs.2&7, inverter frequency In TRLHSM
is relaxed to half that of ZZLHSM for same speed u. Secondly,
as seen from Eqs.3,849, induced EMF of TRLHSM per phase Is
quarter that of ZZLHSM. Thirdly, as seen from Eqs.4&10, In order
to have same ac Input power for both machines with same dc
excltation, My, the ac mmf must be inversly proportional to the
switching frequency, Hence, for the TRLHSM, (my4 + mp) should
be twice M, for the ZZLHSM. This makes the expressions for the
thrust forces, as seen In Eqs.8412, identical and hence:

FT — Fz — Wﬂfaﬂld/‘/lo
1V2Zp

3. Conclusion:

It 10 possible to achleve self start and to operate at © lower switch-
Ing frequency when the shape of ZZLHSM rall s altered to trapl-

loidzl one, keeping same excitation, inverter input power and
speed.
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