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* Assistant prof., Electrical and Computer Eng. Dept.,
. Umm-Ul-Qura University, P.O.Box 6112, Makka, Saudi Arabia.

ACT

less machine is that which utilizes magnetic attraction between controlled
nagnets fixed to its stator snd a laminated iron rotor, as shown in Fig.1. Fed
hopper power amplifier that uses feedback signals, one electromagnet can
he rotor weight at constant airgap via field control.

tor under consideration, is constructed from laminated steel that is shaped to
umber of trapizoidal cycles as shown in Fig.2. Each of the torque-supplying
is a U-shaped magnet that acts as a two-pole machine in which each pole is
‘two sub-poles. Each sub-pole is surrounded by a coil fed by an inverter
the driver-field could be distorted among the four sub-poles. The rotor will
lative to the sub-poles to minimize reluctance, hence torque is obtained. The
are placed half-cycle apart to improve some of the torque properties.

er describes in theory the torque-characteristics of this bearingless machine

ld be used for mainteinance-free high-speed applications.
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e-pitch _
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INTRODUCTION

The Trapizoidal Linear Synchronous Motor, TLSM, is composed of-
first: a magnet developed by McLean [1,2] and West [1,3); is shown
seconc: a trapizoidal rail developed by Al-Kasimi [4]; is shown in Fig4.

The main poles of TLSM are excited by field current through dc co
controied to sustain a constant gap, Z. Each of the main poles is s
sub-poles. These are surrounded by inverter-fed ac coils distorting the
the su>-poles. whereby propulsion is obtained. &

Al-Kasimi (5] has found that TLSM is a two-phase machine with coil ¢
showr in magnet-A of Fig.5. This machine can give a maximum prop
tion relative to gravity of v0.57 Z/p, where p is the pole-pitch shown in.

The TLSM linear machine can be made rota
as shown in Fig.2. This would require:

-. an integral number, Np, of rail cycles within the rotor,

2. a separate controlled ¢lectromagnet to lifc the rotor weight, and:

3. another TLSM to provide symmetrical drive. This suggests t!

tion shown in Fig.1, where the twin TLSM drivers are placed b

opposite to each other; giving a Trapizoidal Rotary Synchro
‘TREM.

ry be winding its trapizoidal SUMPTIONS
simplicity, the following a_ssumptions
1. All sub-poles have the same sw
them fed with sinusoidal ac cur
9. Width of slot in the main poles
coils around them are constants
3. Rotor curvature, fringing, leaka;
and other drag forces are all igi
4. Air gap. Z, is homogeneous ov
both at rail-surface and at magl
of Z is ignored in compa:ision.
5. The energized area per pole.1
belongs to one of the two adjs
assumed to vary sinusoidally b
The rotor, assumed rigid, has
The frequency of rotation is al
. The driver force is composed ¢
to rotational axis. Although st
exerted, it will be ignored.
Flux linkage for eny ac coil va
when its sub-pole is fully uncor

is fully coupled to rail.

nou

This paper reviews TL.SM machine relations to obtain the correspondi
TRSM drivers. These relations are for: sub-polar mmf excitations,

eas, fluxes, flux-densities, pull forces, open circuit voltages, torque and €0
maximum rating.

NOTATIONS

2

The symbols used in this paper are listed below:
A sub-pole surface area

A; energized area of sub-pole i in driver-A

B; flux density over sub-pole 1 in driver-A

D

E;

Ok

=3

x

rotor diameter of TRSM [
: open circuit induced voltage at phase-i coil terminals in driver-A
fux due to all sub-polar mmfs that leaves sub-pole % in driver-A
F, driver pull force against the rotor
f rotor frequency of TRSM
p current flowing in the field dc coils
+ cwrent flowing in phase-i ac coils of driver-A
Lo permeability of air
Mp net dc mmf excitation of field winding per pole
b optimum Mp value for maximum torque

REQUENCY RELATIONS

When the rail of TLSM moves in the dir
T, and switching angular frequency, w,
‘Current are given respectively by:

420



~ m peak value of ac mmf excitation of any phase per sub-pole
- optimum N valus for maximum torque
. ac mmf excitation of phase-i armature w ndi ng per sub-pole
. resultant mmf excitation ar ound sub-pole j of driver-A
v gumber Of turnsof ac coil around any sub-pole
- number Of turns of dc coil around any pole
; oOf rail eycles within rotor
s Motor, TLSM, is composed of two 0 ! > driver Stiady pull force agai nst the rotor
i (1,2] and West [1,3]; is . S p pole-pitc
oy E\l—il(asimi [4]; l.tf shiwn ?1}11(?1';.4111 1 l ghase angle of ac excitation of driver-A

i 7 optimum phase angle at maximum torque

r'-time period to complete one cycle in TLSM TRSM

TRSM torque
maximum TRSM torque
time Starting zero when rail compietely linkssub-poles 1 and 3 of driver-A
speed Of rotor-rail relative to driver
angular frequency in TLSM, TRSM

energized air gap

s; passive-rotor; machine; magley: ¢
?

ed by field current through de
, Z. Each of the main poles is
inverter-fed ac coils distortin
obtained.

coils,
split
g the fig]

Ls'a.. two-phase nachi ne with coil cop
\chine can give 8 maximum propulsj
where p is the pole-pitch shown in Fj

de rotary be winding its trapizoidal.raj

e

IPTIONS

mplicity. the following assumptions were made in the analysis to come.

1. All sub-poles have the same surface area, A, with identical ac coils around

them fed with sinusoidal ac current phase-locked to rotor-rail.

. Width of slot in the main poles is negligible, and field mmf excitations of dc

coils around them are constants.

3. Rotor curvature, fringing, leakages, steel and copper losses, windage, friction

- and other drag forces are all ignored.

. Air gap. Z, is homogeneous over the sub-poles, with equal energized areas
both at rail-surface and at magnet-pole-surface throughout motion. The size
of Z isignored in comparision with the rotor diameter, D.,

. The energized area per pole is composed of two portions. Each portion
bel ongs to one of the two adjacent sub-poles within the mai n pd e, and is

. assumed tO vary sinusoidally between zero and A.

‘6. The rotor, assumed rigid, has fixed axis of rotation witk no axial motion.

Tke frequency of rotation isd so assumed constant with time.

cycleswithin the rotor,
magnet to lift the rotor weight, and
rmmetrical drive. This suggests the ¢
the twin TLSM drivers are placed hoy
& & Trapizoidal Rotary Synchronous ]

elations to obtain the corr&z)ondiﬁ ones for
sub-polar mmf excitations, energizedias
open circuit voltages, torque and coclitions fo

sed below: The driver force is ecsmpased of two comporents only in the plane nornal
to rotational axis. Although some force component along rotational axis is

1driver-A exerted, it will beignored.

. driver-A

. Flux linkage for any ac coil varies sinusoidally bet ween a minimum of zero

, when itssub-poleisfully uncoupled torail and a maximum when itssub-pole
\t phase- coil terminals in driver-A isfuly coupled to rail.

3 that |eaves sub-pole & in driver-A
ter UENCY RELATIONS
.c?ﬂs 3 the rail of TLSM moves in the direction indicated in Fig.4, the switching period,
oils Of driver-A nd switching angular frequency, w, of the two-phase inverter providing armature

ent are given respectively by:
T=4p/u& w=mu/2p.

torque
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For TRSM; T” and «* arerelated tof and Np by: GNETIC SUB-POLAR FLUX-DED

otb TLSM and TREM. the above aguati
By(t) = &1 (t)/Ar(t) = — ko [2Mp+2m
By(t) = 6u(t)/Ax(t) = —po [2Mp — 2

By(t) = @5(t)/As(t) = +wo 2Mp+2nm
The rozor diameter. D. is related to Np as: = ” | Bu(t) = 0a(t)/Adlt) = +ho 2 Mp—2n

T'=1/f=TNp& ' =2rf=uw/Np.

Hence. u and ~ a msubstituted as:

i

u=4pfNp& w=2rfNp.

D=4pNp/x. R PULL FORCE

MAGNETIC SUB-POL AR EXCITATIONS TRSM pull force, £, o driver-A isde

Wher -2e rail & TLSM moves in the direction indicated in HgA ()= ABME T 3m?+8Mpmco
‘ound :nat the flux linkages of ac coils per magoet vary in-phase fon
doles 2=d so can be series-connected forming one phase. This phase is
‘¢ the other phase of the opposing sub-poles. This illustrates the conn
.2 Fig.5. per driver. Note that in each driver, phase-A leads phase-B

srcle: 2=d that the de coils are connected so as to build constructive fi
-Ience with:

inis is composed of two components:

1. one steady. and can be totelly ca
between driver-A and driver-B wa
2. one pulsating &t four times the s}
canceled by that o driver-B if, add
Mp =hplp. driver-B was kept at an integral »

(1) = NVig(t) = meos(wt +0) &  mp(t) = Nig(t) = msin( iThe time- shi | is obtained by placing driver

is is seen to give half-cycle time-shift for

1

=nd assming positive sense when forcing flux to leave the sub-poles, f

. he other hand, the 8-shift is obtained
M) = =Mp - ma(t), ma(t) = —Mp +m‘(t) 3 ver-B to the two-phase inverter supply.
ma(t) = +Mp +mp(t) &  m4(t) = +Mp — ma(t) :

These relations hold true for each TRSM driver. e. the driver-B pu| force, Fu,, is obt
pull force, P, o either driver again

ENERGIZED SUB-POLAR AREAS P=#OA[&M},+3m2+t

for TLSM s well as TRSM the ener gi zed ar eas are approximated to:

Ay(z) = (A/2) 1 T cos(wt tx/4), Ax(t) = (Af2) [1 - cos(wt N CIRC OLTAGES

As(r) = (A/2) 1 T cos(wt — 7/4)} & = (A/2)[1 - cos(w? i
) Addey= (A7)t = con tor in Fig.5 can be found to be

MAGNETIC SUB-POLAR FLUXES
For TLSM, the fluxes are given [5}, Usi ng superposition, &s.

E4(t) = —powAM
Ep(t) = —pow AM;]

Git) =~ho A1 2Mp + 2my + msin(2wt + 6 — 7 /4)}/2Z,
$a(t) = ~po A2 {2Mp — 2my + msin(2wt to- ~/4)l/22,
$3(t) = +10 A3 2 Mp + 2mp — m sin(2wt + 6 — 7/4)| /22
34(t) = +po As |2 Mp — 2mp — msin(2wt + 6 — m/4))/2Z -

SM TORQUE

8l twin TRSMdrivers produce opposite
the machine torque, T, which can

These relations hold truefor each TRSMdriver. T,={Eaia T Bpip)/(x f) =

422 42:



f and Np by. GNETIC SUB-POLAR FLUX-DENSITIES

P& W =27 f=w/Np. ¢ both TLSM and TRSM. the above equations give the sub-polar flux densities as:

é1(t)/Ar(t)= —po [2Mp T 2my T msin(ewt T8 - =/4))/2Z
t)/Ax(t) = ~po [2 Mp — 2, Tmein(2wt + 0 — 7 /4))/22 ,
t)/A3(t)= +uo (2Mp T 2mp — msin(2wt T 6 = x/4)}/2Z &

S Bl(t)
By(t)= o2

rk w=2xfNp. Bs(1)= 3

,_\A,\A

Np st B.(1)= 04(t)/As(t) = +10 (2Mp — 2mp — msin(2wt + 8 — 7/4))/27 .
= 4pNp/7. §
4p Np/ R PULL FORCE
SITATIONS : A 7pe TRSM pull force, F, . of driver-A is deduced (5] as
ae direction indicated in Fig.4, Al e (t)=po A8 ME +3m* + 8 Mpmcos(f — 7/4) + m? sin(dwt +20)]/82%.

sils per magnet vary in-phase for .
forming ome phase. This phase is i
1b-poles. This illustrates the conneet,
1 driver, phase-A leads phase-B by 4 ¢
sted so as to build constructive flux cc

is composed of two components:

one steady. and can be totally canceled by that of driver-B if the #-shift
‘between driver-A and driver-B was zero; and:

one pulsating at four times the synchronous frequency, and can be totally
canceled by that of driver-Bif, additionally, the t-shift between driver-A and

driver-B was kept at an integral number of quarter-rail-cycles.

{p=Nplp. :
& mp(t) = Nip(t) = msin(wt

reing flux to leave the sub-poles, the

me-shift isobtained by placing driver-A oppositeto driver-B as shown in Fig.1.
- seen to give hal f-cycl e time-shift for driver-B.

3 ialt] = M + inafd) s other hand, the 6-shift is obtained by careful |y connecting the two phasesoc
3, 2(t) = —Mp + ma(t),
Y& my(t) = +Mp = mp(t).

ISM driver.

EAS

rgized areas are approximated to: ‘

), As(t) = (4/2)[1 cos(wt+ CIRCUIT VOLTAGES

) & Aty =(A/2)[1 - cos(wt— M end TRSM, the open cicuit induced voltages at ac terminalsof either
Fig.5 can be found to be

IXES E4(t)=—pow AMp N sin(wt +n/4)/Z &

iBing superposition, & Ep(ty = —pow AMp N sin(wt — 7/4)/Z .

tm, T msin(2wt +6 - 7/4)]/22,
Imy + msin(2wt t - = /4)]/22,
lmg —msin(2wt + 0 — 7 /4)]/2Z

mg — msinQwt+6 — x/4))/2Z.

TRSM driver s produce oppositely-directed equal driving forces. Thiscouple
machine torque, T,; which can be obt ai ned using the energy principless:

ISM driver. =(E4xi4 +Esi3)/(7rf) = puow AD Mpm sin(6 — 7 /4)/(2p Z). (2)

422 423




This is seen to be steady with Mp(6, m) implicitly function of § and m
for any pull. P.

o
MAXIMUM TORQUE

The maximum of 7, for = given P and 6 occures at Mp(6) and 7(6), This
found using egs.(1) and (2) to give: 3

3 p(8) = Mp(8,7(6)) = v0.375 m(6).

o P
m(a)—22‘\[#0“3“/5@3(9—7#4)]&

—(r sin(f — w/4)
L) = (20 e s

<
o
C
=

On the other hand; the maximum value, T, , of T,(6) occures at 8, roun:

8 =5n/4% cos™'/(2/3).
This would give:
m=22Pl(uA)&
7, = T,(6) |= V05D P (n Z/p).
CONCLUSION

The TRSM bearingless-machine can produce, at any given rotationalspeed, &
mum torque of: V0.5 7 Z /p relative to its pull-diameter product.
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