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THRUST DERATING DUE TO STABILITY REQUIREMENTS B Line
ZIGZAG LINEAR SYNCHRONOUS MOTOR-PAIR INTEGRA : ?
LIFT AND THRUST FOR MAGLEV VEHICLES:
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 found it necessary t0 make a
C current
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S : twin pa
e T Qb Mk Dair ZISMP. is i 8 in the fleld circuit. This
The Zigzag Linear Oyncoronous MOOr Iall, Lol L2 fomposfu o v a steady e e o
one of which isshown in Fig.1. These are attached to the maglev Ve armature mmf rms vaj c ‘e fo
as shown IN Fig.2, and are reacting againat the zigzag—shaped_rml. 10 the supporied weis 36 equalb tg {
The cuils of each megnet are connected as shown in Fig.43 jw1‘t.1id0, in Fig.s, ight was found to
a chopper power amplifier controlling field current to provide it & :

Z. The feedback loops involved in field control are shown in Fig.
are on the other hand, fed from a two-phase inverter providing armail
such that the fid dis distorted among the four sub-poles of each megn oty
propul si on is obtained.

Tt o o8 the theory of ZLSMP and
: -tlflzn lignrovea that the above maximi

s System. To maake jt controll
: B derated for gtability. :
It was found necessary to make a twin pair of I{Jagnets, for the e
harmonic currents in thefigld circuits. This also improves the t‘ s \ -
tion. Maximum thrust foroe was found when the Mmf‘tul;‘%mmf it
to that of field mmf. This maximum thrust force rel?.tlve suppo! bols o '
found to be 7 Z/p, where p isfhe pole-pitch shown in : ol 18 paper are listed below
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The work described in t he proposed paper looks upon 3:1 3?2;1‘ face area

f ZLSMP and proves that the above maximum hrust . L -
° 1ift psystem. To make it controllable, this meximum. of sub-pale j in motor-A
nost be severely derated to gain ¢ Maximum thrust silative to weight
X dens;
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g will appear a\" suk}poie coll terminais due to the feld excitation. Hence,
opstructive © d resultant, ac coils are connected as shown in Fig.4. The d¢
are connected in series and are fed from a chopper power amplifier controlling
eld current to provide lift at constant gap, Z. The feed-back loops involved

r providing armature currents such that the field is distorted among the
b-poles of each magnet and hence propulsion is obtained.

: 1] found it necessary to make a twin pair of magnets for the elimination of
onic currents in the field circuit. This also cancels the thrust force pulsation,

only & steady compouent which he found to have a maximum when the
olar armature mmf rms value equals to that of field. This maximum thrust
ve to the supported weight was found to be 7 Z/p, where p is the pole-pitch
n in Fig.3.

- Pair, ZLSMP, is composed of two magnet
: arc attached to the maglev vehicle-bo
ainst the zigzag-shaped rail shown in Fig,
:d ss shown in Fig.4, with dc coils fed fron
field current to provide lift at constant g
1d contre! are showr in Fig.5. The ac «
-phase inverter providing armature ¢
ihe four sub-poles of each magnet, and hence

paper reviews the theory of ZLSMP and then looks at its stability require-
ts. It then proves that the above meaximum thrust value corresponds to an
ntrollable lift system. To make it controllable, this maximum thrusting force *
‘be derated for stability.

7Ain pair of magnets, for the elemenatio
. This also improves the thrust force p
d when the armeature mmf rms value eque
‘hrust force relative to supported weight
e-pitch shown in Fig.3.

paper looks upon the stability requiremer
> maximum thrust value corresponds to u

A; overlap area of sub-pole i in motor-A
controllable, this maximum thrusting for -

ility. derated maximum thrust -lative to weight
ﬂ}lx density over sub-pole ¢ in motor-A
open circuit induced voltagess phase 4 coil terminals in motor-A
 horizontal thrust force of both motor pairs
396 ‘vertical lift force of both motor pairs
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; Bux due to m; which leaves sub-pole ¢ of motor-A
flux due to m; which leaves Sub-pole i to sub-pole j of motor-A

flux due to all sub-polar mmfs that leaves sub-pole k in motor-A

current flowing in the field dc coils

; current flewing in phase-i ac coils

net de mmf excitation of field winding per pole in motor-A
optimum Mp value for maximum thrust

peak value of ac mmf excitation of any phase per sub-pole
optimum m velue for maximum thrust

ac mmf excitation of phase-i armature winding per sub-pole
resultant mmf excitation around sub-pole j ef motor-A

permeability of air

J pumber of turns of ac coil around any sub-pole

number of turns of de coil around any pole
pole-pitch
perturbation level of my relative to operational level of Mbp

time period to compleie one cycle

time, starting zero when rail completely ks sub-poles 1 and 3

phase sngle of ac excitation of moter-A

optimum phase angle at maximum thrust cenditions

optimum phasge angle at derated maximuim thrust conditions

speed of reil relative to magnet
weight of supported boggie
angular frequency of ac supply

energized air gap
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All sub-poles have the same surface are

AC coils around sub-poles are identical

S s . .
lot-width in the main poles, fringing, le
tiction and other drag forces are all ne,

Air gap, Z, is homogeneous over the sul

Flux lines in the energized airgaps are f

The energized air-gap faces equal areas

at the magnet pole-surface below it thre

1heepergized

: area per pole is compos
to one of the ¢ posed

: 1€ two adjacent sub-poles wit
Flnuscidally between zere and 4.

peed of motor rel

ebive to the track,
ack structure is rigid.

ference axes are taken to be the gre

] erpendicular to both,
A
€ motor does not rotate about any of
:motor force is considered in two direc
. hu(-id along the direction of motion.
ection is exerted, it will be i
1§nkage for any ac coil varies sinus
‘pollts'sub.pde is fully uncoupled to
€ 1s fully coupled to the rail.
® duced voltages in all ac coils arour

' Colls are fed with sinueoidal ac currer

1c SUB-POLAR EXCITATIC

he o
Sub-poles in Fig.4 could be consid

i Vlle to the fi
e eld ine i
MGXcitatiOn S oent I Rawing in 1

magnitude of:
Mp = Np
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{ motor-A
» sub-pole j of motor-4A

25 sub-pole k£ in motor-A

er pole in motor-A

shase per sub-pole

vinding pes sab-pole

le j or motor-A

ib-poie

sle

tional level of Mp

nls sub-poles 1 and 3 of motos

conditions

1 thrust conditicns

icity, the following assumptions were made in the analysis to come.
sub-poles have the same surface area, A.
 coils around sub-poles are identical.

t+-width in the main poles, fringing, leakage, steel loss, copper loss, windage,
riction and other drag forces are all negligible.

- gap, Z, is homogeneous over the sub-poles.
x lines in the energized zirgaps are parallel.

o eﬁergized air-gap faces equal areas both at the rail-surface above it and
e magnet pole-gurface below it throughout the motion.

e energized area per pole is composed of two portions. Each portion belongs
one of the two adjzcent sub-poles within the main pole and is assumed to
v sinusoidally hetween zero and 4.

d of motor relative to the track, , is constant.

ok structure is rigid.

ference axes are taken to be the gravity line, motion line and ihe axs
pendicular to both.

motor does not rotate about any of the above axes.

e motor force is considered in two directions only, namely, along the gravity ’
e and along the direction of motion. Although some force component in
: third direction is exerted, it will be ignored.

ix-linkage for any ac coil varies sinusoidally between a minimum of zero

en its sub-pole is fully uncoupled to the rail and a maximum when its
-pole is fully coupled to the rail.

ue to the field current Ip flowing in the dc¢ coil of Np turns, thus giving
¢ excitation magnitude of:

Mp = NpIp, (1)
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¢s the sub-polar lux dengtiesas.

and:

Bi(t) =
e ac due to the armature phase currents i4 o ig flowingin the ae <ol Bolt) = 4
turns each, thusgivi ng an ac excitation magnitude of: Byt
3(t) = -
ma(t) = Niy(t) = meosiwt+8),
or: Ba(t) =~
mg(t)=Nig(t)=msin(wt + 8);
- — 1 . - . = / :
where w = 27/7, With T = 2p/u; hence: w = 7 u/p CE FOR 71

Using Fig.4 and denot i ng ms, mz, ms and ™4 10 be theresultant mmf will exert a lift force, F,,, in or
around sub-poles 1, 2, 3 and 4 respectively of motor-A, with posit™® the energized air-gap, Z. Thislifi
forcing flux to leave the sub-pole, then: by:

0= e = e Fm=>
and: =
an(t) = —Mp + mA(t) == —m4(t).

4 Tesnectivelv- and alem _Yir ¢
L oY Ia YAy Gl r:vuupuryu

e ok hen F,, may be found as:
ENERGIZED SUB-POLAR ARFAS FOR MOTOR-A

o Fu(t) = po AIME + 1% -
With A;, As. As and A; defined as above, then these areas are as8

between s maximum of 4 znd a minimur of zero. The equations»_d Ao ‘ will exert a lift force, ., whick
approximations are gi ven by: 11 ; |
= g 4 [Mp +mF
Ar(t) = As(t) = (A/2) [1 T cos(w )],

‘otal lift force F,, d ZLSMP
and:

A (1) = Au(t) = (A/2) |1 - cos(wt))- . (t) =7, () + Fy, (t) = o A J2

0
:Been to be steady

F to support
Contr, i

ol. The pulsating compon
€Xpressions of ¥, and |

1
eﬁf oth motor pairs. Mence.
ExCliation, Mp(8, m). at ¢

MAGNETIC SUB-POLAR FLUUXES FOR MOTOR-A

Let b, dra, Pra, Gr4 B, baz, Hus, Goa, Gy bazy Pass Pobr oa, @
@9, ¢3 and ¢y be as defined earlier. Hence, each of my, Mg m :
driving an associated magnetic circuit similar to that shown mt) Z.
Fig.6 and applying superposition, the ﬁu:.«:c #1(t)s @a(t)s 3(t) ‘ : W e g 2 Mf) ol
sub-poles 1, 2, 3 and 4 of motor-A respectively due to

my are found to be: - :
$1(t) = 11 — P21 — P2 — P01 = oA mu /2, : : UIT VOLTAGES FOR

da(t) = 10 As w2, Wt induced voltage, £, at

oa(t) = —r(2), EAt) = N 2 gy -
and:
64(t) = —a(1)- 40’

400



he sub-polar f| X dendties as:

Bl(t) = [0 ml/Z, (12)
e g (e 2 coll Bo(t) — poma/2, (13)
“ ' Bit) = —By (1), (14)

Yy =meceos{wt+6),
By(t) = —Ba(t). (15)

t) = msin(wt 4+ 8);
1ence: w = 7 u/p.

T FORCE FOR ZLSMP

will exert a lift force, Fy,, in order to minimize itsreuctance by mini-
e energized air-gap, Z. Thislift force is composed of several parts and

d my4 to bet he resultant mmf exc
ely of motor-A, with positive senge:

4
F,(t)= 4.B?
=1 2M

ma(t) = —mgs(t),

malt) = —ma(t). 8) and (7) for 41, A, A3 and Au; eas.(12), (13), (14) and (15)for By,
B, respectively; and si npl i fyi ng with the aid of egs.(2) and (3) for m
thea F,, may be found &
38 FOR MOTORA
F, (t)= o A MG +m% + 2Mpm, cos(wt)) /22 (16)
re then these areas are assumed sj
m of zero. Theequati ons describin will exert a lift force, £,,, Wi ch caz be smilarly found to be:

= o A [ME +mi 2 Mpmp sin(wt)] /2% (17)
AJ2) 1+ cos(w )], Fop(t) = o A[Mp +m3 pmg sin{wt)]/ (17)
he total lift force, F,, of ZLSMP is given &
(4/2){1 = con(w?)]. F(t)= () + Fo(t) = to A[2 M5 T m?>+ 2Mpmeos(8)}/22, . (18)
n to be steady to support the boggie weight, W, at constant gap
control. The pulsating component at twice the Q/nchronous frequency
in both expressions of 5, and F,, hasS been cancelled due tot he ciever
ions of both motor pairs. Ilence, the above equation gives the condition
ble field excitation, Mp(6,7), at any ac excitation parameters of 6 and m

ES FOR MOTOR-A
4> P31, Paa, Baz, das, a1, Pas, Dasy

znce, each o my, mg, m3 and My 1
imilar to that shownin Ry & Hen
fluxes ¢1(t), $2(t), ¢3(t) B4(t)
ectively duetodl mmfsof my, m

W = uo A [2 MP +m? + 2 Mp ™ cos(6)]/22. {19)

<?531 == ¢41 = #ﬂAl m]/Z,
pen circuit induced voltage, E4, at phase-A coil teminals can be seen from

IJOA2 n)q/Z,

— Ealt) =N ai (B iy 495 — ks
= —ga(t). 401
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Thisisfound to be:

ting either 8 values in eqs.(23) and (24

E4(t) = —2N uo Mp Aw sin{wt)/Z.

Smilarly, E5 can be found to be:

Eg(t)= 2N py Mp Aw cos(wt) /Z.

MAGNETIC THRUST FORCE FOR ZLSMP

The ZLSMP thrust force, £y, can be obtained using the energy principl
ing ideal conversion,then, the mechanical power isequatedt o the electr
and hence ;

SMP lift system shown in Fig.5 is contr

Fru=FE is+ Epip. als are:

Thi s is found to be : . o

iBeD, £, that can be measured USiNg th
(t) = 2up ™ AMp msin(6)/p/Z. b poles,
gep speed, Z°, that can be measurec

Hence; the thrust force, F}, is composed of only one steady comps frequency band, and:

ac second harmonic wmponent o motor-A cancdlled that of motor

le fluy linksge, A, that can be meas
clever connection of both motors. : A

peles,

Eq.(22) shows that the ZLSMP will propel when the current phase.
(0,7) and brakewithin (m, 27). This is due to the mechanical and elect
lags. The ZLSMP can be used either for motoring with electric poy
to kinetic power or for braking with ki netic power converted to electr
val ues, nanel y: 0 and r, the ZLSMP is exerti ng virtually zero for

The controlier is shown in
dli three signals after appr
i the pre-determined char:

,‘7,..

M Us Z

The maximum of F;.(G m) for a given # occurs at 7z(#). This could
egs.(19) and(22) to give

o must be much smaller 1
YO Condiﬁ;f\ns H-RY 1*)’1\11 i, the line Z

M p(8) =m(6)/V2;

(6 =2, | i
\/ o A (2-{—\/2003(8\]

where:

On the other hand, the maximum of Fy(6) occures at 5. TH s cawld B . ""”"D“m’“ 0 g

eqs.(19) and (22) to be

8 =+135° r = m/Mo
Thi s gi ves the following naxi numt hr ust thruating forcei ndicated i
Fhu, =7WZ /p. _ s
r = )
402 408



: ing either 8 values in eqs. (23) and (24) for @ & Mp gives:

Ip Awsin(wt)/Z.
™= {28)
> Awcos(wt) /Z.
Sp =2 \”{‘ ::}':{
R zLsMp ‘
ined using the energy principle ]
power is equated to the electrica] OF ZLSMP LIFT SYSTEM
4 +EB ig. SMP lift systero m shown in Fiz.5 is controlied using thres feed-back signals.
are:
ap, Z, that can he measured using the capacitance betwecn the rail and
pmsin(8)/p/Z. Gl T polcs,

7°, that can be messured using differentiation of Z over a

1 of only one steady component. in frequency band, and:

A cancelled that of mot o
or-B ; .
ﬂue : sole flux linksge, A, that can be measured vsing 2 search ¢oll arpund the

.when thecurrent phase angls jq
tothemechanical and electrica] gy
motoring with €ectric power copvertal
< pover ‘converted to electric. At ty
erting virtually zero force.

SudP Bift system are nonlinear with inherted ex-
sechnigues are anplied to obtain 2 linsarized model,
'em m“*“c'l ;s ntilized o design a controller nsing the above
signals. The controller is shown in ig.3 and is composed sim

t adds up all these signals afier app annazr- scaling so that the rss'-ufiﬂg

plies with the pre-det ermined characteristics.

Fed
=3

[P lift-system being cons xdeveu for linearization is trusted to have each
o opsrasional jevel, Moreover, the mag-
alier than the operational level. If either

ol

he linearized model is no longer represeniaiive

es pbrtxn bing anoul & Don-%

urs at 7(6). Thiscould be foyy,
(6)/v/2;

>i,tv€u, 3
{1l consequently endanger stability.

L. in this respect was found to be t he sub-poler mmf,
'+ V2cos(8))

m’vr(ﬁ = —Mp — m4(%).

1

erturbation in mq (%) is equal to ma(t) plus the pert wrbe-
. the ratio r of the perfurbation of m;(t) to the o era,tm
p 1Lz g

»ecures at 8. Thiscould be fou_g';

i5°.
r=m/[Mp;
. maximum thrusting force indicated in eq.(23) evaluates to
2

r:ﬁ.
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This violates both conditions trusted to the lift system. To correct ac ¢

must be derated to match reasonable level for . Hence, substituting
Fh = 2pom Ar M3 5in(6) /p/2. ;
But Mp relatesto W using eq.(18) ==

, W 22
D™ A2 +r2+2rcos(8)]

Hence: 27 rW Z sin(6)
Tr 8n
Fa0) = pf2 Tr2 T 2rcos(6)]
Thi s is naxi numat 8, gi ven by:
= apa=t 2T
Om = cos (2+r2)'
The resulting thrust forceis
2mrW Z

Bl T

Hence, derated maximum thrust relative to weight is:

25
B el Z/p).

For the linesrized lift model torepresent the actual ZLSMP lift system
of » mud be fairly small. Hence:

a=Zr(xZ/p).
magnet-B
Tis shows that the maximum thrust relative to weight is derated G, 8 ¥
from its value at passive support due to active lift of ZLSMP weight. 4 ) l
perturbation level depernds on the severity of nonlinearity of ZLSMP re e F

and could reach as low as 10 % of the operational level. This results
derating a from its d U e when ZLSMP is passively supported.

CONCLUS ON

Thi s paper shows that the representablity of the linearized nocd sed |
2 controller for stable active suspension of ZLSMP system, . .— -3 der®
maximum thrust of the ZLSMP that can be achieved when passively 8
say by wheels. Suspending ZL SVIP actively using the controller
has the price of derating the meaximum thrust from its value when
otherwise. The derating factor equals the acceptable level Of perturbatio
to the operational level of sub-polar mmf excitation. This czr1 be == bad

Mmotion ————l

Fig.3 Rail
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& system. To correct for that =
-. Hence, substituting in eq'(gi,)'

«6)/p/Z.

actual ZLSMP ift system, the vy

J PR
P}

tive to weight is derated by factart
tive lift of ZLSMP weight. Tollera;
f ponlinearity d ZL SVIP rclationshi
rational level. This resultsin alof
>assively supported.

of the linearized model used to de
: ZLSMP system, requires deratisgt
be achieved when passively 5uP
ely using the controller shown I
thrust fromits value when SupP*
acceptable level of perturbation e
excitation. THS can be as bad s 1%

ot

ar Homopolar Synchronous Mot
er University.

3 ]

e
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jeulation Of eddy-current
in tne design of po
Acturers NBke every eft
& calculation and 310ss
osed to compute eddy-curr
method is based on the
ibution of a transformer.
counted fior by means <
nts. The validity and
sonstrated by applyin
88. The test cases include
Stributicn transformer bu
‘and a core-type transfo
air-cored reactors. 7The
0se obtained by a statis
_method is simple and

) and reactors i
designer so he can to
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