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_ABSTRACT

° The Zigzag Livear Synchronous Motor, ZLSM is a machine that providesa com-
. bined lift and thrust for maglev vehicles. A nagl ev vehicleis a vehide that is
_supported by magnetic attraction between controlled dectromagnetsfixed to its
chassis and & pair of iron tracks. The megnet of ZLSM is U-shaped and acts as
a two-pole machine in which each poleis split into two sub-poles. Each sub-pole
- is surrounded by a coil fed by an inverter such that the field could be distorted
- among the four sub-poles. The rail of the ZLSM is zigzag shaped and will move
relative to the sub-poles to minimize reluctance, hence propulsion is obtained.

- The ZLSM machine is unable to start itSAf at some standstill positions. This

‘problem is solved by putting another ZLSM quarter of a cyde apart wher eby each
pair will start the other.

The ZLSM version was modified by changing theshape o therail to a trapezoidal

one, and hence cbtaining a Trapizoidal Linear Synchronous Motor, TLSM. Al-
- though this motor is self-starting, it was found that putting a pair of them quarter
- of & cycle apart would improve some of its acceleration properties.

- This paper describes in theory the acceleration characteristics of a two-pair TLSM

- machine that could be used for maglev transport utilizing integrated lift and thrust.
It also compares the merits of a twin-pair to a single TLSM machine and to a twin-
pair of ZLSM machines.

Fig.4 Coil connections for TLSMP -
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INTRODUCTION

Tre Zigzag Linear Synchronous Motor, ZLSM, is composed cf the magnet shown

in Fig. 1, within the maglev vehicle boggie shown in Fig. 2. This magnet is
reacting against a zigzag shaped rail. The main poles of ZLSM are excited by field
current through dc coils, which is controlled to sustzin a constant gap, Z. Bach -
of the main poles is split into two sub-poles. These are surrounded by inverter-fed -
ac coils distorting the field emong the sub-poles, whereby propulsion is obtained.

McLean [1,2] and West [1. 3] have found that a twin ZLSM pair will be necessary

to enable self start. This Zigzag Linear Synchronous Motor Pair, ZLSMP, was j
found to have no second harmonic component in the field circuits when the two
ZLSM machines were placed quarter of & cycle apart as shown in Fig. 3, with the
coils connected as shown in Fig. 4. !

For the same magnet, Al-Kasimi [4] have found that if a trapizoidally shaped
rail was used instead of the zigzag ome, then this Trapizoidal Linesr Synchronous
Motor, TLSM, is self-starting. Another feature, he found, is that the switching
frequency of the inverters is half that required for ZLSM for same speed. e

This paper proves that a twin TLSM pair placed quarter of a cycle apart as shown
in Fig. 5 with the coils connected as shown in Fig. 6, will be advantageous for
having pulsation-free acceleration characteristics. The resulting Trapizoidal Linear
Synchronous Motor Pair, TLSMP, characteristics are compared to those ofa smgle
TLSM and to those of ZLSMP.

NOTATIONS

The symbols used in this paper are listed below:

horziontal steady acceleration relative to gravity in T LSM, ZLSM 1'“_?_"? i
tively :

QRsy O';u

Qpazy O, meximum horziontal steady acceleration relative to gravity in TLSM’ .

ZLSM
A sub-pole surface area
A A
B;, B!

energized area of sub-pole i in TLSM, ZLSM
flux density over sub-pole i in TLSM, ZLSM

Eyx,E'; open circuit induced voltage at phase X coil terminals in TLSM,
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them fed with sinusoidal ac current phase-locked tO rajl, '
2. Width of slot in the mai n poles isnegigible, and field mmf fluxes of motor-A are given (5], using

t
o de odls around them are constants. i(t) = oA 2Mp +2m, +

$ft) = —p A2 [2Mp

3. Fringing, leakages, sed and copper losses, windage, Frxctxon
dJa(t\ = +uq As {21\/.{1) +2mpg —

drag forces areignored.

4. Air gap, Z, is homogeneousat er the sub-poles, and faces equal - ult) = o A4 2 e
at rail-surface above it and at megnet-pole-surface below it th
moaotion.

he above equations, the sub-polar

i(f) = 1 (1)/4
(2) = 4o}/ Aal1)

an

. The energized area per pole is composed of two portions.
belongs to one of the two adjacent sub-poles within the main
assummed to Valy einuscidally between zeroand A.

&. The not or does no rotetion and it bas constant speed, U, relntwg
track; which i§ assumed rigid.

. The motor force is composed of twe components only, na.mely,
ity line and along direction of motion. Although some force cO
in the third direction is exerted, it will be ignored.

8. Flux linkeze for any ac coil varies sinusoidally between a :
zero when its sub-pole is fully uncoupled to rail and & maximun
its sub-pole is fully coupled to rail.

THEQRITICAL ANALYS S OF TLSMP PERFORMANCE

When the rail o TLSMP moves in the direction indicated in Fig. 5,
[4,5] found that theflLx linkages of ac coils per magnet vary i n-phase for
gub-poles and so can be series-connected forming one phase. This pl
quadrature to the other phase of the opposing sub-poles. The period a.n 1

frequency of these variations are given respectively by: T = 4p/u and w a
This illustrates the connections shown in Fig. 6, per motor. Note that R
motor, phase-A leads phase-B by a quarter of a cycle; and that the de ¢ ¢, the TLSM.-B Fos,
connected SO as to build constructive fl lx components. Hence,  th: _ T
=po ABMF +3m® -+ 8 Mpm«
Mp =NpIp, g [ Hence, the T1 000 o the i
mu(t) = Nig(t) =mceos(wt +0) & mp(t) = Nip(t) =m3‘"(“’f- the bogyi by fi
and assuming positive sense When forcing flux to leave the sub-poles of @ o
then: Mall% B
m(t) = —Mp—ma(t),  ma(t) = —Mp +malt), induced voltages at
5 g
my(t) = +Mp T mp(t) & my(t) = +Mp - mp(t)- :
The energized areas of motor-A are appraxdimated ta o £4(t) = —pow AMp
M) = (/D) 1 conot Fra),  Aolt) = (A/2) 1 - oot
As(t) = (A/2) |1 T eos(wt — x/4)] & Aq(t) = (4/2) 1 — cos(w? =
. Fix,‘ {(Eadq + LTB'A';})/‘»:; == i




arrent phase-locked to rail,

les is negligible, and field

of motor-A sre given [5], using superposition, as:
s
mstants.

m.mfex.

hi() = —p0 A1 2 Mp + 2ma + msin(2wt + 6 — 7/4)}/22,
() =

1 ind fr h(t):—mAzleD—2mA+.'n8in(2Ldt“'-0—7r/4) /27,
“Opper losses, windage, frg

.ction and

I
=+po A3 [2Mp + 2mp —mein(2wt + 6 — 7/4))/2Z &
$alt) = 3 My - (2wt 46 -~ 7/4)]/2Z .
; L pu(t) = e Ad[2Mp
r the sub-poles, and faceg ©qual gregy) G oyl » o Asiias are Taumd for motor-A. as:
meguet-pole-surface below it throy, = the sbove 2quations, the sub-polar fux ¢
Bl(t) =9 ’[ . - \‘w. ‘- j y <2 eiri{ 3 ot + 8 ~
composed of two portions, Bach , Bz(f) = dp(t)/Aslt) = =g 122 E o
‘ent sub-poles within the main poje 2 Sl JALTE) = gy DB - O
etween zero and A. _.Bs(t_)"_“‘rj__ Gl o g Yt 46— 1
b i) = $:01/4:00) = 4
d it has constant speed, u, relative ¢ : P b
TLEM-A Hit i - ) .
tw 1 . Y= el x:‘ ;l ) - .
© components only, name]

R X8 B-long 4
motion. Although some foree Compog,
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ries sinusoidelly betveen & Minimyy,
uncoupled to rail and 5 mavimum w

ail,
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lirection indicated in Fig. 5, Al
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: Fig. 6, per motor. Note that in each
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olp,

.Hence, the T%
mp(t) = Nig(t) = msin(wt + 6); lifts the bogy

flux te leave the sub-poles of motor-A,

o % /0 AL,
y ALIB A 46 4 BvV2 eyl
\ W= g LD 25 1 D
= 4 i i

m2(t) = —Mp + m(t),
my(t) = +M,, — mp(t). i -
dmated to: Glaticsl 3

(A% 47 &,
= ~ugW AMp N einjwi-n/4)/Z2 &

— A i T
inuls of motor-A in Fig. & can be
1 vol ; ac terminals of motor-A in Pig. §
I voliages st ac terminals of mot

Aslt) = (A/2) [1 - cos(wt + m/a)], o o

A4(t\ - (A/2) {1 - OOB(‘*"t - 7"//4)]' . A My w ). { ,_.;"i
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Likewise, the TLSM-B thrust force, Fi,, can befound usi ng the above shifts as: = & )
: - This corresponds to the following values
Fry = mox AMpm 5in(6 + 7/4)/(2p Z). "~ respectively:

Hence, the TLSMP. thrust force, Fi, of the twin pair is: =22 /W/(im A),

Fi=F, 1 F, =ur AMpmsing/(v2p2). : Mp=2/15W/(uA) &
The steady thrusting acceleration, ay,, rdativeto gravity could, hence, beobt ained -

as:

" REVIEW ANALYSIS CF 7Zr.SMP PER

ans(6,m) = o ™ A Mp(8,m) m sin8/(V2ZpW Z); 4

i “When the rail of ZLEMP moves in the di
where Mp(6,m) isan implicit function of § and m given in eq. (2).

iinkages of ac coils for 1
1 be series-connected forr
frequency of these variaions are given rc
This illustraies the connections shown i

The maximum of ay,(6,m) for agiven 4 occures at M p(9) and 7(6). TH'S coult
be found using egs- (2) and (4) to give :

‘With t r eat nent sinil ar tothat of TLSM

Mp(6) = M~ (A)) = /0 375 m(6), ©
: S are obtained for ZLSMP:

Xy
[ W

- j T T
W) =2 i;j o A3+ V3088 &

mi(t) = —mi(e) = ~Mp — miy(2),
My = Np I},

Ai(t) = (A/2) [1 + cos(w' 1)},
s(t) = A3 (1),

() = —ug Ay (Mp +m.)/Z,

sinb

crs(8) = (x Z/p) . -
- i\fi " cosb)

On theother hand; the maximum value, i, d @n,{(6) occures at 8, found 8s:

G=%r— cos™14/(1/3)] . L(E) = —¢l(2),
This would give: Bé(t? = —uo (Mp +m})/2 ,
m=Z\W/( 4), 3(t) = - Bt} &
Mp=ZJO3BW/ (4 A)\& ‘Hence, the ZLSM-A lift forceis given !
e = an(8) |= (r Z/p) VO.125. . ‘
By = po A 235 +m” + 2 Mpm
REVI M PERFORMANCE s cosl

Twoschemes of TLSM performances are possblefor comparison: schemeAn; ‘
one TLSM-A lifts the whole weight; and scheme-3 where two TLSM-A
whol e vei ght or equivelantly one TLSMA lifts half the vei ght.

Thls i5 compesed d two components:
We boggie weight, W, via feld cont
Bynchronous frequency. 1'his pulsating
hy that of motor-B by p:operly shiftin

The expressions far F, and F}, in both schemes are identical to those givel
(1) and (3) for Fy, and F}, respectively. Hence, in & similer ¢reatment 0 :
TLSMP, both schemes have identical expressions for maximum steady 27
acceleration at any given ¢, This occures at the same raio given o%

bet veen Mp(8) and 7(8). The value of 6 that g ves steady &
acceleration was found to be: L

G=m/4%n — cos /(2/3)]

The time-shift is obtained by displacin,
- *® 38 shown in Fig. 3. This is scen to
f,m_d Will neutralize the pulsating com
&:‘“:’JCY; provided the #-ghift is ma

VM€ phase in quadrature-lag to t
Upply is required, where:

giving a maximum Of:

Qpgr = (W Z/P) \/ﬁ
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‘ound using the above shiftg .

/4)/(2p 2). e

pair is: =22 VW A), 7= Z AW (5 A) .
.8inb/(V2pZ). Mp=Z15W/(u A) & Mp=ZJO.T5W/(ug A).

» gravity could, hence, be Obta.ine(i

sinb/(VZpW Z); (4)-_’_"'

.m given in eq. (2).

s at M p(9) and 7(8). This could

ege

v'ﬁ-:muency of these

./_C_Em(é’} ’ ) lowing corresponding expressions
3 cosf : ; , ;s 3 e
y mh() = () = ~Mp - (8, mb(t) = —mi(t) = —Mb + (),
— ML = Np i, ! (t) = Ni (t) = m' cos('t + 8),
+ cosf) D ,, A\t Alt)
L) = (472) [1 4+ cos(u/ 1], A4(8) = (4/2) [t — cos(e/ )],
of ap,(#) occures at &, found as: CAL(t) = AL(t), AL{t) = Ay(t),
T Bi(8) = — o AL (M) + /2, B5(6) = —pio A5 (Mp — m))/Z,
¢5(t) = —4 (), Pi(t) = —¢5(t)
BY(t) = —si0 (Mp +11y) 2, BY(£) = —po (Mp — my)/2
i By(t) = —Bi(t) & Bi(t) = —Bj(t).
uy A) & P
e Hence, the ZLSM-A lift force is given {3] as:
/p)V0.125. _ - »
: E (t)=po A2 M) + m? 42 Mpm' cosé’
[ANCE : ' ;
i +m”? cos(2uw/ t+28) + 2 Mpm' cos(2w't + )] /222

ible for comparison: scheme-A where
heme-B where two TLSM-A lift th
fte half the weight. i

This is composed of two components: one steady which is partially supporting
the boggie weight, W, vis feld consrol, and the other pulsating at twice the
Synchronous frequency. 7'his pulsating component of motor-A can be neutralized
by that of motor-B by p: vperly shifting both t and #' of motor-B.

tes are identical to those given in egs.
nce, in a similar treatment to that
ssions for maximum steady thrusting.

at the same ratio given in eq. (5)
that gives maximum steady thrusting

‘The time-shift is obtained by displacing both motors apart which was chosen [3] to
be as shown in Fig. 3. This is seen to give quarter-cycie time-shift lag for motor-B
and will neutralize the pulsating component operating at twice the synchronous
frequency; provided the #'-ghifi is maintained at zero. This would involve using
another phase in quadrature-lag to the first one. Hence, a two-phase inverter

supply is required, where:

p)V0.5.

my(t) = Nig(t) = m' sin(w't + ¢).
This explains the ZLSMP connections shown in Fig. 4.
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Hence, the ZLSMP lift force, F, of the twin pair has only steady component thnt
the boggie weight, W, actively by field control. This force is given by:" .
ot CHARACTERISTICAL MERITS A

FO)=F, +F, =W =p AQMp" +m” +2Mpm/ cosf')/22.  (5) '

The open circuit induced voltage at ac terminals of motor-A in Fig. 4 can be
found (3] to be:

thrustie
EL ()= —2pgw AMp N sin(w't)/2 g

This leads to:

F, ()= puom AMpm' [sinf — sin(2u't + )]/ (p Z).
Likewise, the ZLSM-B thrust force, F7_, can be found using the above shifts as:

F () =per AMpm' iain8'+3'in('2.u;'t+9')]/(pZ}.
Hence, the ZLSMP thrust force, Fj, of the twin pair is:

B=F +F, =2urAMpmw sind/(pZ).

The steady thrusting acceleration, a},, relative to gravity could, hence, be obtained
as:

On the cther hand, TLSMP is ad
pulsation; the price of less rati
less excitation of both field and arn
in TLSMP exercises a braking effex

o (6 m) = 2w A My (6, m'ym’ sinf /(W Z), m
where Mp(#, m') is an implicit function of & and m’ given in eq. (6).

The maximum of o}, (#,m') for a given # occures at: 7'(¢). This could be fouh.a"

using eqgs. (6) and (7) to give: REFER ENCES
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v field control. Thig fotes Compop

8 given
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