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LINEAR HOMOPOLAR SYNCHRONOUS MOTOR AS COMPAREAD
THE ZIG-2AG VERSION FOR MAGLEY APPLICATIONS

SM.ALKasint’ and £.0,B2Qubas*

* Assistant Prof, ,E!c Eag. Dept“ Umm-U‘\-Qura Univ., Makkah Saud

Jine
it nd Uulh'- .m n'agm ve..ac‘e: A nxeglew vehicle i3 a Vuh te.
T

and a pair oz‘ ixcm mcka Tna magnet of AZLHQM is U-nhaped and ac:ps‘as
machine in which cech po.e is split into twe sub-poles, Fach sub-pole is s
coil fod by an inveriersuch that tbeﬁe«d could ke distorted among thie four s
vait of the ZZLHSM is fgrag sheped and will move relative to the sub-pole
l‘:?i‘.zCiﬂLCt, hence propalsion is obtained, The ZZLESM machine version w
chianging the shape of the rail to a trapezoidal one, and hence ohtaming &
Railed Linear Homopolar Synchrovous Motor, T '“RLHSM e

This paper describes i theory the acceleration characteristics of the TRL:
version that could be used for magley transport viilizing integrated lift & ¢l
aatablishes the basic principle of cperation wherely the varions machine r
derived for TRLHSM, Few assunptions ave made before finding out these
which include: the relationships of fives, flux densities, vertical force, horiz
open civeuit voltages, vertical & brfsontal accelerations, Maxinum thrusti
are then found. ,

A veview is then made for the ZILHSM version with same winding and €xc
tions, whereby the correspondiug relationships ave Driefed. :

The paper concludes with a conparisan between the characteristics of _T
ZEZLHSM. . .
392
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BV APPLICATIONS
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ura Univ., Makksh, Saud! Arabia.
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ZZLHSM, is 2 machine that provides

. meglev vebicie i3 a vehicle that is
il electromagnets fived o iis chassiz’
. is U-shaped and acis 25 & two-pols
o3, Bach sub-pole is surrounded by a

torted among tlie four suh-poles. The
relative to the sub-pales to minimize
SM machine version was modified by -

and bence obtaining a Trapizoidally
HSM.

racteristics of the TRLHSM machine

izing integrated lift & thrust. It first

the various machine refationships ave
sefore finding out these relationships
ities, vertical force, horizonta! force,

‘jous, Maximum thrusting conditions

h same winding and excitation condi-
niefed.

the characteristics of TRLHSM and

g, Trapizoidal, Lincar, Homopolar, Synchronous, Machine, Maglev, Suspension,
jon & Transportation,

 shows the ZZLHSM miaguet within a maglev velicle boggie. The main pcles of
M are c—,xcmd by field cu \.;:'11‘ ‘meol dc e‘oﬂs. ga( |1 (.' du main peiee is spli

shapb ghown in F .g 2. Hm(e. wi th MP ac Lﬁiﬁ ﬂoun'* anbepoles
g Beld is forced through sub-poles 1&3, the vail will move assunidng constan
o Enk sub-potes 143, Whm' fleld is forced through sub-poles 244, the rail w‘}i moys
¢ link sub-polee 2&4. As the switching of sub-pdle coil-excitstions :uducmws

position, a continuous moticn is ob"iueu. ’;"h‘- '7ZLH°M ia una

ot motion when the rail ¢

%may be avoidable by anoth

G for ihe same magnet, if a trapizoidally shapad rail like the one shown in Fig. 2b s
B, thie a¢ coils avound sub-poles can be excited fo force field through sub-poles

Hiice, the rail will move assuming constant air gap, z, to link sub-poles 143, The feld is
flign foiced tirough subspoles Z&:3. Hence, pﬁng the rail to link sub-poles 24:3. Forced
jugh sub- po.a 284, the field then pulis the raii fo link sub- ~noles béx*z Finaily, when
forced into sub-poles 144, the vaii will move to link them both. This completes one
o znd as excitziicns of sub-pole ac coils ave synchrouized to rail position, a continuous
o is obiafied.

s Trapizois
o eyimmetry position throughont its cycle, Hence, no
er feature iz that the swi'rchirxs frequency i3 haif ti.a» of the ZZLH
since tiie vail cycle length of the TRLHSM is twice that of the ZZLHS

dally Ralled Linear HormpuL Synchronons Motor, TRLHSM, & L z.otﬂd w
ueed for a star

.‘:'§
Si

ONS

': symbols used in this paper ave listed below:

A sub-pole surface area

g

overlap area O sub-pole i in TRLHSM, EZLHSM respectively

ﬁ‘h, horizontal pulsating acceieration relative to gravity in TRLHSM, ZZLHSM

p: Maximum horizontal pulsating acceleration relative to gravity

iy, horziontal steady acceleration relative to gravity in TRLHSM , ZZLHSM
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uly accelevation relative to gravity in TRLHSM, ZZLHSM

‘ {3tk elep 2 fo gravity in TRLHESM, ZZLHSM
AT verti sating acceleration relative to gravity i TRLHSM, ZZLHSM

£y, B lorigontal thrugt force in TRLHSM, ZZLHSM
Fy, F! vectical lift force fn TRLHSM, ZZLHSM

b TRLHSM Hux due to m; which leaves sub-pole
b; TRLHSM flux due to m; which leaves sub-pole i to sub-pole j
. Hux due to all sub-pelar mmfs that leaves sub-pole k in TRLHSM, ZZLHSM
% current flowing in phase X ac coils of TRLHSM, ZZLHSM
Ip current flowing r the field of TRLHSM d: coils

Ap, Ay peak flux linkage per ac coil in TRLHSM, ZZLHSM

b, Ab flux iinkage of ac coil around sub-pole n in TRLHSM, ZZLHSM
Mp, A}, net dc mmf excitation of fleld winding per pole in TRLHSM, ZZLESM

HD,H'D optimum Mp, Mp values for maximum thrust
my,my ac mmf of phase X avmature winding per sub-pole in TRLHSM, ZZLHSM

v @k values of ac munf excitation of any phase per sub-pole in TRLHSM,

T cptimura m, ' values for maximum thrust

m;, resultant mmf excitations around sub-pole j in TRLHSM, ZZLHSM
1Y

. permeability of air
N number of turns of ac coil around any sub-pole
Np number of turns of dc coil around any pole
p pole pitch
T.T" time period to complete one cycle in TRLHSM, ZZLHSM
¢ time starting zero when rail completely links sub-poles 1&3

394

#,8' phase angles of ac excitations in gg

-
¥ optimun phase angles at maximum

- .
05,84 optimum phase angles at maxinmm

L optinium phase angles at maxinum

i 8peed of rail velative to magnet
/" weight of supported boggie
w,' angular frequency of ac supply in T

z energized air gap

Bor sioplicity, the iollowing assumptions we

L All sub-poles have the same surface ;
2. AC coils avound sub-poles ave identis
3. Width of slot in the main poles is ne;
i, Fringing and leakage ave negligible,
9. Steel and copper losses are negligible
6. Aiv gap,z,is homogeneons over the su
. The energised airv-gap faces equal are
et pole surface below it throughout
tion 3 above.The rail of TRLHSM fo1
3 Fig.3 Hevethe total area above o)

thie suin of the rectangle area and the
ceustant and equals the sub-polar ave:

b

The energized avea per pole is compe,
one of the two adjacent sub-poles wit
siunsoidally between zero and A.

g, Speed of inotor relative to track,u,is ¢
10. Tvack structure is rigid.

1L The motor does no rotation.
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1relative to gravity in

gravity in TRLHSM, 7ZLHSM

velative to gravity im TRUHS] M, ’4”}25\[

{, ZZLHSM
coil terminals In TRLHES

LHSM

M, ZILHSM

{

ib-pole i

ib-pole i to sub-pole j

es sub-pole 6 in TRLHSM, ZZLHSM

ALHSM, ZZLHSM

de coilz

v, ZZLHSM

in TRLHSM, ZZLHSM

ser pole in TRLHSM, ZZLHSM
sub-pole in TRLHSM, ZZLHSM

shase per sub-pole in TRLHSM,

ast

ole j in TRLHSM, ZZLHSM

b-pole

ole

LHSM, ZZLHSM
links sub-poles 1&3

TRLHSM, 221Hgy

ZZLHSM

¥
%
ik
§
i

g8 phase angles of ac excitations in TRLHSM,ZZLHSM

?H’ optimuin phase angles at maximum thrust conditions in TRLHSM,ZZLHE

optimum
{3+ !

]_,i'_ optinm phase angles

augles at maxinmm accelerations in TRLHSM,ZZLHSM

maxinum deceleration in TRLHSM,ZZLHSM

u apeed of vail relative to maguet

L4

V weight of supported boggie

e anguiar frequency of ac supply in TRLHSM,ZZLHSM

?m shaplicity, the following assumptions were made in the analysis to cowme.

"0 1, Al sub-poles have the sume surface area,d.
2, AC coils avound sub-poles are identical.

i 3. Width of slot in the mair poles is negligible,

and leakage are unegligible.

5. Steel and copper losses ave negligible,

6. Air gap.z,is homogeneous over the sub-poles.

1. The eniergized air-gap faces equal areas both at rail surface above it aud at mag-
net pole surface below it threughout motion. This is justified iu new of aasump
tion 3 above.The rail of TRELHSM for instance, overlaps with its poles as show
in Fig.3.Here the total area above or below energization t}uoubno.n 1 r)t.on it
the sum of the rectangle avea and the pz.due‘ogx am area.This sum is seen to be
ceustaut and equals the sub-polar arvea,d.

1. 8. The enexgized area per pole is composed of two portions.Each portion belongs to
i oue or tie two adjacent sub-poles within the main pole and is assumed to vary
£ sinusoidally between zero and 4,

| 8. Speed of motor relative to track,u,is constant.
10, Tvack structure is rigid.

- 11. The motor does no rotation.

395




. o ;Mng Fig. 5a and denoting m;,mp,ms and mq to
2. The motor * vce iS composed Of two components only, namely,along gravity lin® 2 Ghpoles 1,2,3 and 4 reapectively,with positive -
along direction of motion.Although some force component in the third divectionis. yls then:

cxorted.it wi i
exerted,it will be ignored. my(t) = =Mp — ma(t

i3. Field mmf excitations are constants, i sgll) = —Mp + gt
14, Flux linkage for any ac coil varies sinusoidally between a minimumn of zero whenits | ma(t) = Mp T mp(t)
sub-pole is fully unconpled to rail and a maximum when its sub-pole is fully conpled | ma(t) = Mp = mp(t)

to rail.

15. AC roils are fed with sirusoidal ac current phase-locked to rail. ?-ngize & 5o~ iokir Aress for TRLBSH

16, Windage friction and other drag forcesare ignored. SWithA 45,42 and Ay defined bove,then t
5 14243 ang Ay defined as above,then th

, T ! " o e e s 3
ol da during the rail motion indicated in Fig. 2

PERFORMANCE : m is constant and equals .

il ijT“f simplicity,these trapizoidal variations are ase
Coil Connections for TRLHSM 20 ;“"d_a minim}x::: of zero ss shown by the dotted
_ o R 0']. U5 approximations are:
When the rail of TRLHSM moves in the direction indicated in [ig. «D.iHX MRS .
ac cofls will assume iinear Segments and can be approximated to sinusoidai variatioh & &
shown in Fig. 4a.Note that ), & ), vary in-phase with each another and tl'xat A;_& M f{lsg 3 : AL(t) = (A72)[1 + cos(w t -
vary jn-phase with €ch another but in quadrature lag with ; & ), variations.The pe"-?‘ 3

h . _— Ax(t) = (A/2)[1 = cos(wi -

of these variations is given by: ; g
e o 4p s e Aa(t) = (4/2) 1 F cos(wrt -
" g K ; As(t) = (4/2) (1 = cos(w 1 -

with angular frequency,w,given by: %
LT e SPPOXImation will give a maximum devia]
2p [ VOWever the sum of areas conatituting portic

niet ;

Hence,to Obtain maximum variation in flux linkage per phase,the ac coils are C(t)he [

shown in Fig, 5a.Note that phase A leads B by 2 quarter o a cycle.and that {8 = Sub - polar Fluxes for TRLESM

are connected S0 &s to build constructive flux components. : big, ¢ o
oy 12018614,621, fop,Paa,PoeBarBansfss, P

i Ence, each of my,mp,ms and my mmfs is

o that siiown in Fig. 6.Hence:

Magnetic Sub - polar Excitations for TRLHSM

g do 0F
ab-noles i ' i ith two componem o
Each of the sub-poles in g 5a could be considered excited with two ¢ A o Ay s (AT Ay
Mp = Np ! u=""24z
p=Nplp
dislt) = PLALT Ay
and ac of: D7
_ oAy my A
énlt) = 7507

poAymy Ay
bul) = 34—

mu(t) = Nig(t) = meos{wt +90)

or:
mpg(t) = Nig(t) = msin(wt +0)
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Jonents only, namely,along gravit

force component In the thirg dil‘ectioni
i )

dally between a minimum of zero whey ite
1aximum when its sub-pole is fully cnnp!ed

t phase-focked to rail.

¢ ignored.

ERFORMANCE

ection indicated in Fig. 2bfiux linkages'of

be approximated to sinusoidal vartation ag
ase With each another and that }; & ), al
iure lag with Ay & o variations.The period

m

kage per phase,the ac coilSare connected as

iy aquarter of acycle.and that the de coils:

components.

M

idered excited with two components dé:dft

Wt +0) @)

(wt+0) Q)

¥ line ana ;

, Fig- 52 and denoting m; ,mz,ms and my to be the resultant nmf excitations avound
woles 1,2,3 and 4 respectively,with positive eense when forcing flux to leave the sub-

}hen:

my(t) = —Mp — mu(l) (5)
7112(£)=—l\lp+n1A(l) (6)
ma(t) = Mp + mp(l) (7)
ma(t) = Mp = mp(t) (8)

plicity,these trapizoidal variations are assumed sinusoids between amaximum o A
gdaminimus of zero as shown by the dotted tinesin Pig. 2b.The equations describing
)proximations are:

A(t) = (A72) (1 F cos(w t T x/4)] (®
Ax(t) = (A/D]1 - cos(wt T x/4)] (10)
As(t) = (A/2) 1 T cos(wt — 7/4)) (11
A1) = (A/2)[1 - cos(w i — 7/4)] (12)

]@ﬁ;approximatic»n will give a maximum deviation error at trapizoidaf corners d about

However the sum of areas constituting porticns of adjacent sub-poles la Still constani,

lgnetic Sub - polar Fluxes for TRLESM

113812,019+¢ 1 41210 Po2sPassPoeBarsBanybosy Paaurbaabiabagdybo, dodidy bo as defined

ime.Hence, each of my,my,my and my mmfs is driving an assocfated magnetic circuit
o » . .
to that siiown in Fig. 6.Hence:

( ; $11(t) = L (;;T sl

_ po Aymy Ay
2Az

. él:&(l): o Ay my A
24*

i o Ag my Aq

i) —————=
dult) 2Az2

Ii ¥ $3a(1)
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Sinilarly:
o Ao IIM(AI '{3+A4)

o) = 2z
Jie Sama Ay
By} os bmz 2 7L
Pu(t) = = 24z
_ po A2 masly
has(L) = _?T
Jro Az ms Ay
Bui{t) = T 94z
Likewise:
Jto Azmg (A + Ax + Ay)
a(t) =
éaa(t) Az
_ o Azing A,
$ait) = —5 -
) . ¢ my A
Pualt) = ——I : ’_\JA ; 2
Jo Az mg Ag
ETIU _—
O
Finally:
¥ (l) /1941m((41+4)+AJ)
24z
By HOLEM A1
T 24z
_Ho Aygmg Ay
bualt) = BEE
pg Agmy Az
$us(t) = 24z
Heties,

voles i,

$1(L) = d1y — par ~ b3 — Py

Using the ahove equations for 9yy,6u1,é018 64 respectively and rearranging,then:

A !

yapplying superposition theorm to find the fluxes 4,(t),4. 18:4,(t) leaving sub-
23 .

3 end 4 vespectively due to all mmfs of niy,ma g and rn;, 1en

> r ¢ . q A « ¢ %Y
_ Je A Ar iy = ma) + Ag{my —ng) + Ay (i — my))

2Az

Usiug eqs. 5,8,7&8 for my.ma,my&m, and rearvanging then:
] ) 1243y 003 { &

=0 Ay [2Mg (A3 -+ Ag)+ ma (240 + A+ Ag)+ my (A3 — Aq))

$i(t) =
#i(d) 2Az

Using eqs, 10,1812 for 4o,4,&4, and simplifying, then:

—~pp A [2Mp 412 — cos(wi + w4 g cos(wi — 7/4)]

bi(t) = 22

398

ting eqs. 3&4 for my(f) and mpll) respectivel

oA 2Mp -+ 2mu 40
2z

O

imilarly 602 & 44 can e found to he:

—po A2 [2Mn —2ma+m

éal?
)= 232
éall) = Mo As[2Ap +2mp —m
2z
dall) = /1;,/\41)11!1)- )mu—m

4 o
2

lguetic Sub - polar Flux Densities for TR

fom the abave equations.the sub-polar finx d

( - 2Mp+2n

Ba(t) = _dn\!.) _ I'O[ Mp 42,
Ay (1

Ba(t) = da(t) _ l.’r_\[?f‘»’g —~2my
Ax(t)

Balt) = @a(t) _ Mo [2Mn4-2mp -
Aa(1)

Ba(l) = ¢4(i] _ I (2Mp —2mp -
As(t)

baetic 1iti Force for TRLHSM

U TREHSA will exert a lift foreo Fyin orda
" omorgized aiy- gap.2. This lift foree ie eompe

:l“ areas {; ahove which air is enevgized.an
Wities B, Hoence . is given hy:
Y A; H
e
0= 2%

“"zvqc 0.00,11&12 for A). b L& Yrege, T
th the aig of eqe. 3&4 for my&mpithen Iy n

. #0 A[8 M3 4+ 3% 4 8 Mp m co:
Full) = ke
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™

i

;, fluxes ¢, (t),p.(t Jida(t}&ea(t) leaving syb.
Mgy and my;then:

" Pay
sspectively and rearranging, then:

‘_E:s) + Ay (my ~ )]
T Me))

ging then:

+ Ay Ay) +my (Ay= A4)]
A2l T Mg Ay~ A4))

1, then:

I g cos(wl — 7/4)]

4 for malf) and mall) yespeetively.and simplilying:then:

bl = — o Ay [2Mp +2mg -2{—}1) sin(2wit 40— 7/4)) (1%)

paledy can be found to he:

balt) = —po A2 (20 —2ms + msin(2wi 4 0:‘#/4)] (1)
ks 2z
dalt) = soAz[2Ap +2mp —msin(2wi4 0~ 2 /1)1 (15)
92
i poAg 2 A — 2mp —msin(2Quwi+0—=7/4)]
oty = 7: (i6)

abave equations.the suh-polar finx dengities are fornd ne

(1 1 [2Mp 4+ 2mua+msin(2wl 40— 7 /4) 5

Bi(t) = ’((1)) ol = ) (17)
¢a(t)  —po[2Mp—2my+msin(2wi+0-5/4)]

Bao(1) = = 18)

‘() AQ(’) 22 ( :

3(t) o[2Mn 42 —msin{2uwit4 0 —=/

B:;(-’) = d;:((") = ll)[ o+ 2ip Z'j'”( @it 7/1)] (19)

Balt) = éalt)  pro [2Mp —2mp ~msin(2wi 40— =/4)] (20)

T A 27 -

':znehr 1ift Force for TRLHSM

e TREHSA will exert a fift foree F', dn order to minimize ite relnetance by minimizing
E;mﬂmvmi air-gan.z. This lift force ie compozed of seversl pmis, acearding tn the snh-
o areas 1 ahove which air is enevzized,and according to the energizing magnetie fhie

rf;hrs B,.Hmuc.[,‘ is given by:

i
Iumlg Y8, 9.10,11&12 for ). s L& {FH e, 17.18.30&20 foy Iy 1, Ba&: T iand ejingdifyine
fsmtlx the atd of eqe. 3&4 for madempithen Fr may be fonnd as:

! 110 A[8MP 4 3m? + 8 Mp mcos(0 — = /1) + m?sin(dwt 4 20)]

Fult) = =
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Henee the Wt foree,f,0f TREHEM s composed of two componentsione steady which is.
suppused to snpport the boggie weight IV via field control; and the other pulsating at four
flaes thie synchronous requency.

Wiiting the mechanical equation of motion for the TRLHSM suspension boggie shown in
Pig. th.thew

P —W=Way,
Hence the above two equations give:

1. the condition for stable field excitatiou, Mg(4,m),at auy ac excitation parameters of
H&iu dsi

522

%, the vesultiug lift acceleration pulsation,a,y, at any ac excitation pavameters of t_(.!sn:

a3y
o Am® sin(-kw t +29)

(Y,,P(()',ila,t) = YT

Open Cirvcuit Voltages for TRLHSM

o o 0 gt e s W o ic. 5a to
The open cicuit induced voltage,E4,at phase A coil teminals can be seen from Flg-A ba b
be: l
‘ .
()= N —[$2— d1ln=a
dt
Using oqe. 9,10,188 14 for 4,459 &¢; and simplifing,then:

—jpw AMp N sin{wt + /1)

b4

(23)
O :

. —— o e found TODE
Similaly,the open cicuit induced voltage,Eg at phase B coii terminals can he tow! ‘

—jpw AMp N sin(wt = 7/4)

Eg(t) =

Magnetic Thrust Furce for TRLHSM : 5
jming id

: TV P - v ovinciple, Asst
The TRLESM thrust foree, Fy,can be obtalued using the energy pmlClpl‘» !

conversion, thens
Fhu=Eyiy+ Eyig

Using eqs. 2,3,4,23824 for w,i,ig,Ea& Egithis simplifies to:

o A Mpmsin(0 - w/4)
Anz

I(t) =

400

o ABME +3m? + 8Mpmcos(d — 7_/_(\_} —W ‘(‘21)>

@)

T e

Hencesthe thrust force £ is compoged onl
the ZZLHSM developed by West(3].In his
one steady and the other pulsating at twic

. Eq. 25 shows that the TRLHSM will prope
- and brake within (=, 2) This is due to {

‘ 1

{ TRLHSM can be used either for motorin

' for braking with kinetic power converted |

, - TRLHSM is virtually exerting zero force,

| Maxitu Steady Thrusting Acceleration f
i
3

i
i

.;I'l}e steady thmsting acceleration iy, relal
o the steady thyisting force, ., by dividin
2 fo® AMp{d,

ay(f,m) = :
<

?
?

~where Mp(d.m) is an implicit function of d&

- The maximum of o ] i
un hslf,m) for a given 6
2826 to give: e .

Mp(8) = Mp(0,m(¢))

i o) = 22 \/:
El : MAB+y

ahs(9) = an, (8, 7(0)) = —
h apy( (0)) P

On ¢ ,
dbel-le other hand.the maximum of opsl8} oc

7=2 1

%:l:(rr—cos'

*Would split into two values:

= 5t 9
By = =L
b 1 cos \/;_ %3

mTe

V2p

= S 9
I.=— g~V 1 L it B
q + cos \/; 4.542r¢
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vsed of two components:one steady which ; iy

field contiol; and the other }Iul:idtﬂl 2 at foyp

. o 121N 1 g
or the TRLHEM suspension boggie showy in

Mplé,m),at any ac excitation paranetery of

m r:o,s(i] rr/ii‘ll
it bl s RS 74
('21)

Yopy at any ac excitation pavameters of §&y

sin(dw 4+ 7.1)_

SEW 22)

A coil teminals can be seen from Fig. §a to

éilm=o
implifing,then:

sin(wt 4 7/4) (23)

at phase B coil terminals can be found to be:

sifiet — 7/8) (24)

ed using the energy priuciple. Assuming ideal

Ty

i3 simplifies to:

" =ul)

i

3113(] 25 shows that the TRLISM will propel when the current phase angle is within (¥

Hencesthe thrust force,Fy is composed only of one steady componentian advantage over
e ZZLHSM developed by West[3|.In his machine, West has bod two force components
one ateady and the other pulcahng at twice the cvnd.touon« frequency.

- q‘,)

d brake within (‘—“* 1] This is due to the mechanical and electrical system lags. T’m
TRLHSM can be used cither for motoring with electric power converted to kumhc or
for braking with kinetic power converted to electric. At two § valuesnamely: 7 &7, the

* TRLHSM is virtually exerting zero force,

‘Maximn Steady Thrusting Acceleration for TRLHSAS

The steady thrusting acceleration,w,. relative to gravity conld be obtained from eq. 25

' qor the steady thrusting force,Fy,.by dividing by the supported weight }i' Hence :
for g i P

{
!
{
i
2
i
i
|
|
{
!
|
|
|

pow A Mp{d, mmsin(@ _ x/1)
27/

a3y (6, m) =

(26)
:vlhere Mpl(8,m) is an implicit function of #&m.

The maximum of op,(d,m) for o given ¢ occures at m(#].This could pe found using eqs.

21426 to give:

To(6) = Mp (0, m(9)) \/gm(e) (21)

W0 = 2= / W 28

W V/!n AB+ VBeos(8 — x/4)] e

@hs(g) = a6, (0) = _72 sin(f — x/4) (29)
PV 2cos(8 — n/4))

On the other hand.the maximum of ay:(#} eccirea at £.This conid be found using eq. 29
to be:

G g 30
f=7%( (30)

This would split into two values:

0, = ST" —cos™! \/g = 3.312rad = 190°

“where 7, € (%, 2Z) the motoring range discuesed earlier giving the following maxinmm

07
thrusting acceleration:

- Tz

'-\’h.v(0+) = \/§I)

0_ = 57" + cos"\/g = 4.542rad = 260°

and:




with f_ -7“— T) the generation range discussed earlier.giving the following maximmm
braking deceleration: :
E -T2z
el - Vi

Hence,the maximum value of oy is given by:

Okse =] 0ns (D) | = 22 (31)
he(0) | Vor i

Substituting either § values in eqs. 28&27for m&Mp gives:

R .

m=2z \ o (32)
and:

— s

Mp=: \v T A (33)

Lift Pulsating Acceleration for TRLESM

Eq. 22 can provide a scale for the magnitude of 1ift acceleration pulsation,a,,.the worst of
which is e,,, oconring at P&m. Hence,ising eqs. 30&32 for f&m.this gives:

Gap< () = n,;((_?,?ﬁ) = ;-s:'n(/i wt+26) (34)

This means that the worst pulsation in lift zccelevation Is half that of gravity in magnitude
aud running at four tinies the synchronous frequency.

Thrust Pulzating Accelexahou for TRLHSM

It was mentioned earlier that the thrust pulsating acceleration, ojg.is zero,Hence:

n;\,.(l) =0

REVIEW ANALYSIS OF ZZLHSM PERTORMANCE h

Coil Connections for ZZLHSM

. o
kages 01

moves in thp dnprhnn indic
gments and can he approximated to sinuzoidal variation as

When the vail of ZZLHSM n
ge
od of these variations is given by:

ac coils will assume linea
shown in Fig. 4b. The perio

ted in Fig: 2a flux 1

-—q..,

402

with angular frequency,w’ given by:

Hence.to obtain maximum variation in flus
as shown in Fig. 5b.

- Magnetic Sub - polar Excitations for ZZLH

With treatment similar to that o TRLHSM
be given as:

mi(t) = —mh(l) = -

my(t) = —mi{i) = -
where 7', [¢) is given by:

mp(t) = Ni(t)=m

'Energize.d Sub - polar Areas for ZZLHSM

The ZZLHSM sub-polar areas vavy triangul:
indicated in Tig. 2a. These variations are as

A0 =
f“l(l) = ,1;(!) =(A/2)

This approxtination will give a maximum d

Magnetic Sub - polar Fluxes for ZZLHSM

With similar treatment to that of TRLHSM

—jlg .

#1(0) = —¢a(t) =

—Jta .

$o(t) = —44(t) =

Maguetic Sub - polar Flux Densities for 27

These are given by:

Rl

Bi(1) = -Bj(t) =

40:



| earlier.giving the following maxinmm,

(1)
" gives:

(32)

(33)

accderatioti pulisation,ay, the worst
1432 for 7&m,this gives:

1+ 20) (34)

ton Is half that of gravity in magnitude
iy

acceleration. oy,.is gero.Hence:

B
2]

n indicated in Fig. 2a,flux linkages of
pproximated to sinusoidal variation as

given by:

=2 (36)
.:t ) T
i with angular frequency,w’ given by:
] nu
' W= (37)

! iflence.to obtain maximum variation in flux linkage per phase,the ac coils are connected
e shown in Fig. 5.

 Magnetic Sub - polar Excitations for ZZLHSM

 With treatment similar to that of TRLHSM,then the sub-poles excitationsin Pig. 5b conld
~ begiven as:

mi(t) = —mh(t) = —Mp — m{?) (38)
2 (s oy my(t) = —mh{t) = — My +m (1) 39
where 1!y {t) Is given by
| (10)

m(8) = N &(t) = m' cos(w’ £ T 8)

| Energized Sub - polar Areas for ZZLHSM

- The ZZLHSM sub-polar areas vavy triangularly as shown in Fig. 4b dwring the rail motion
* indicated in Fig. 2a. These variations are assuined sinnsoids with equations given by:

| A1) = A58 = (A/2)] T cos(w’ 1)) (41)
| A(t) = A4t = (A/2)[1 - cos(u' 1)) S ()
This approxiination will give a maximuin deviation error near corners o about 21%.
1 Magnetic Sub - polar Fluxes for ZZLHSM

:;.,With similar treatment to that of TRLHSM then these fluxes are given by:

_ —po AL (Mp T m)

i 80 = -8 " )
| ) = g4ty = Tho M (Mp = in:) (44)
f z

Magnetic Sub - polar Flux Densities for ZZLHSM

‘%Thcse are given by:

f Bi(t) = —py(e) = —H(Mp +m)) (15)
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BUO) = —BL(1) = —po (Mp — )
2(0) = (46) (') = M (8", 7
¢ § /:
Maguetic Lift Force for ZZLHSM . (o) =\ A[\\/‘
This is found.in a similar way to that of TRLHSM as; oy (&) = ol (0,7 (0')) -

() = Ho Al2 IUI')2 +m 2 My m' cos(0') + m’? cos(2w't 4 20') 4+ 2 Mpm'cos(2uw' t + 0')]
)=

s On the other hand,the maximum of o} (¢

Heuce,the lift force, Fl.of ZZLHSM is composed of a steady compouent vestricting

. o . . , o3
My{e,ad), at auy ac excitation pavameters of ¢'&m’ to satisfy: P = i—;—r
1o ARMY® 4+ + 20Mp m cos(0')] - @ This would spiit into two values:
222 - o Ir
.’)+ = s e (r
and a pulsation ose given by: . ' ) o
\ in the motoring range discussed above.giv
o, poAm’ [2Mpeos(20' t + 0') + m'cos(2' t + 76')) & o ) -
At = 53 TH (48) (s} iH 3
'Y{'I.'(a-#) ==
and:
. . . w2 —37
Open Givcuit Voltage for ZZLHSM o, |
ks o il €6 b in the generating range discussed above.gi
15 18 Tound to be: E i & & =]
i & T AR ainifish on:
B() = 2ugw’ A Mp N sin(u'1) (49) n .
: . o, (P) =
' I Hence,the maximum value of o}, is given |
Maguetic Thrust Force for ZZLHSM
=i
This Is given as: Ohor = | ahy(0
. A AMpm' [sin(f) — sin(2w't + 0')) ; s
Ry = £ pm'| .p 2, (2wt + 6] (50) Wwith:

T =
and is composed of two componentsione steady and the other pulsating at twice the syw ikl ‘/‘
chrouwous frequency.Note that when the rail completely links sub-poles 1&3 or 2&4.then
W1 = integral multiple of 7 giving F} 2evo.This is why ZZLHSM needs a starter. and :

o ot h
- \/
. . : A
Maximun Steady Thyusting Acceleration for ZZLHSM { a
This is given as:
o (0 mty = HOTA M (8 ) o sin(@') (51) Lift Pulsating Acceleration for ZZLHSM
Sh pWz
Hence,the ZZLHSM will propel when the curvent phase angle is within (0, 7) aud will Lrake 1. 48 can provide a scale for the magnitu
withiu (-7,0]. = i Which i Ohgz OCCUring at 7 &nr. Hence,usi
The maximum of o} (#, m') for a given §' occures at: Vpe(t) = al (7, 77)
404 Lo i



O —uly)
B _Ad (46)

N

[SM,as:

2 cos(2w't _I__Q 0')+ 2 My ' cos(2w |+ "))

222

rosed of a steady component restricting
#&ni’ to satisfy:

n' cos(')]

=W (47)
—E-ZOV’)’ + m'cos(2't +26')] (18)
22 ¥
Feinf"t) (1)
= sin(2w' | 4 6°)] (50)

+ and the other pulsating at twice the syn-
mpletely links sub-poles 1&3 or 2&4.then
is why ZZLHSM needs a starter.

JZLHSM

n"ym’ sin(8")

"z

(51)

ot phase angle is within (0,7} and will brake

s at:

WMy (0) = My (8,70 (0)) = ”‘”(,z) -
V2
i / V2W 22
() = e 53
Y #0 A [V24 cos(07))] (53)
' ’ ' /oAl x zsg,](o/)
ah, (8) = ah (9, 77 (8')) = P V2 + cosld)] (54)
On the other hand,the maximum of o} (#') occure at ¥.This is given as:
= 3
7= k— (55)
This would split into two values:
— 3r
b, =€)

in the motoring range discussed above.giving the foilowing maximum thrusting accelera-
tion:

=t T
o (1) = 7
and:
= =37
0.= A € (—7:‘,0)
in the generating range discussed ahove.giving the following maximum braking decelera-
© tiom:
oy (F2) = T

Hence,the maximum value of 4} is given by:

thue =L oh (T = == (56)
with: :
=g \/,% (57)
Cand :

(58)

Lift Pulsating Acceleration for ZZLHSM

Eq. 48 can provide a scale for the magnitude of lift acceleration pulsation,ay,.the worst of

which is o}, occuring at ¥ &', Hence,using Eqs. 55857 for 7 &, then:
(59)

et (t) = ":.p(al,m’) = —cos(2uw't)
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This means that the worst pulsation in lift acceleration is equal to that of gravity iy
magnitude and ruuning at twice the synchronous frequency. ; REFERENGES

[{] McLean, G. W. & West , A. N. { I
Using the Zig-Zag Synchronous M
and for the Future , IMechE , pp.

Thrust Pulsating Acceleration for ZZLHSM

It could be seen from eqs. 50,55&56 that the worst magnitude of thrust acceleration
ulsation,a} s o} ., occuring at 7' &' and is given by: ‘ ’ 5
; e = g ’ [2] MeLean , G. W. ( 1088 ) . Reviev

ahpe(l) = —VEsin(2e' L +7) (60) Vol. 35 , Part B, No. 6, pp. 380-

(3] West , A. N. (1982 ) . The Con

This means that the werst pulsation in thrust acceleration i3 over 1.4 that of gravity in PLD Thesis , Elect. Engg. Dept.

maguitude and running at twice the synciivonous frequeuncy.

CHARACTERISTICAL DIFFERENCES BETWEEN ZZLHSM AND TRLHSM

Tlie ZZLHSM I3 s single phase linear machine that needs a stavter.Its maximury, thyusting

acceleration is #z/p and this occures at field excitation, Mp, of 2 \/»1",3(;10.4 ; armature ﬁ
excitation,m,of ¥2z,/W]lye 4] with 155 phase. Pulsation in accelerations operates at de el p @é
twice the synchlonous frequency with worst value relative to gravity of 1.0 in the lift i conls

divection and /2 in the thrust divection,

S
S 5 i : sub-pal
Ou the other hand,The TRLHSM is a two-phase self-starting iincar machineJts max- SRR @/
Vs =/
0

i thrusting acceievation is \/1372/p and this occures at field excitation, Mp, ef
\/rf; /W [luo A); armature excitation,m,of 2z \/fi’/(,’m A) with 190° or 260° phase.Pulsan‘i.un
in accelerations operates at four times the synchironons frequency with worst value relative
to gravity of 0.5 in the lift direction and 0.0 in the thrust divection.

Fig. 1 (a) ZZLH

CONCLUSION

For same speed, TRLHSM ix advantageous over ZZLHSM in that it i2 self-siarting, oper

ating at half the switching frequency, having half the worst lift pulsation aund no thvust

pulsation at all. Q
adjacent sub-poles

Ou the other hand, ZZLHSM is zdvantageous over TRLHSM in that it is a single phase

wrachine with /2 gain in thrust acceleration involving /05 less armature excitation an

\/‘_‘73 less field excitation.

slot

Both machines pulsate at same frequency but this is a second harmonic in ZZLHSM and
a fourth in TRLHSM.
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