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Abstract
In the paper the levitation, drag and lateral 
forces acting on EDS-MAGLEV vehicles are deter­
mined using an analytical three-dimensional 
method which takes into account all the types 
of coil configurations already realized and 
under development.

1 Introduction
High-speed magnetically levitated ground trans­
portation (MAGLEV) can be utilized for inter­
city travels of the order of some hundreds km 
(as an alternative to high-speed on-rail 
trains, motor cars and short-haul commercial 
flights) as well as for speedy connections 
between airports or shuttle services between 
airports and downtown (1].
In EDS-MAGLEV systems the levitation of the 
vehicle derives from the repulsive force due to 
the interaction between on-board superconduct­
ing (SC) magnets and currents induced in short- 
circuited ground coils. The vehicle is propel­
led by air-cored long-stator linear synchronous 
motors (LSM) with SC field windings; the speed 
adjustment is attained by a variable frequency 
stator supply, using static converters [2].
The results of the experimental activity on 
prototypes achieved in Japan [3] have proved 
that the basic MAGLEV technology has almost 
attained a level of immediate practical use. In 
Yamanashi Prefecture is under design and con­
struction the first commercial 44 km-long test 
line, as a part of the 500 km-Linear Express, 
which, at the beginning of next century, should 
connect Tokyo and ‘Osaka by means of MAGLEV 
trains, having 14+16 cars and running at 500 
km/h [4] .
In the paper the levitation, drag and lateral 
forces acting on EDS-MAGLEV vehicles are deter­
mined, using an analytical three-dimensional 
method which allows to consider all types of 
coil configurations used in the systems. The 
resulting analytical expressions, developed for 
the actual case of coils with finite thick­
nesses as well as for the approximated case of 
filiform coils, are, unlike [5], the most 
general and take into account the various coil 
configurations simply by changing suitable 
coefficients. The approximation of filiform 
coils allows to develop simpler expressions 
with a usually satisfactory precision. The u- 
tilization of analytically-developed general 
expressions allows to perform, unlike numerical 
methods, a quick and easy evaluation of the 
forces when the coil sizes and configurations 
vary (parametric analyses) .
As an example, the paper finally gives the le­
vitation, drag and lateral forces obtained 
applying the developed expressions to some con­
figurations.

2 Types of configurations
In an EDS-MAGLEV transport system, many main 
winding systems are present, which may be rep­
resented by series of rectangular-shaped coils 
[5,6]:
1 - Series of on-board SC field coils: they

produce the excitation field of the LSM. 
la - Series of on-board levitation SC coils: 

they produce the field necessary for the 
levitation unless the excitation field 
itself is used for such purpose.

2 - Series of on-ground armature coils: they
produce the propulsion force interacting 
with coils 1).

3 - Series of on-ground levitation coils: they
produce the levitation force interacting 
with coils 1) or la).

Field 1 and armature 2 c o ils  systems o f the LSM
Fig.l shows the SC field and the armature wind­
ings of the LSM, with reference to one side of 
the vehicle. The field and armature coils are 
on parallel vertical planes: the former are
grouped in opposite polarity pairs and the lat­
ter, equally spaced, in three phases.
Field 1 and on-ground le v ita t io n  3 c o ils  
systems on orthogonal planes

Fig.2 shows the on-board SC field winding and 
the on-ground levitation coils, with reference 
to one side of the vehicle. The levitation 
coils, equally spaced and short-circuited, are 
on a horizontal plane, orthogonal to the verti­
cal one of the field coils.
Given a reference system fixed to the vehicle, 
X,Y,Z are the coordinates of a generic levita­
tion coil with respect to 0; supposing the 
speed v constant, it results that:
Y = Y - 4>tO
where Y is the value of Y at t=0.

field coils on the vehicle

Fig.l - Fie ld  and armature c o ils  o f the LSM
(a : distance between the two f ie ld  c o ils  o f a y
pa ir; b : polar p itch ; p=b /3k: armature c o ils  y y
p itch ; (k: number o f  armature c o ils  per phase 
and polar p itch ); 1,2,3: armature phases).
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field coils on the vehicle

¿^"levitation coils on the ground
Fig.2 - F ie ld  and le v ita t io n  c o ils  on orthogon­
al planes [1 ,h ,s ,t : f ie ld  c o ils  dimensions;• • a s
a : distance between the f ie ld  c o ils  o f  a pa ir; 

b : po la r p itch ; 1 ,h ,s ,tt: le v ita t io n  c o ils  

dimensions; p=b /N: le v ita t io n  c o ils  p itch <N: 
number o f c o i ls  per p o la r p itch  and s id e ].

On-board SC la and on-ground le v ita t io n  3 c o ils  
systems on p a ra lle l and horizonta l planes

Fig.3 shows another proposed configuration, in 
which a second series of SC coils is on-board, 
in addition to the SC field winding; such coils 
are horizontal and parallel to the on-ground 
levitation coils.
F ie ld 1 and on-ground le v ita t io n  3 c o ils  
systems on p a ra lle l and v e rtica l planes

Fig.4 shows another proposed configuration, in 
which the on-ground levitation coil is composed 
of two unit coils, arranged in two rows up and 
down and connected in reverse direction to form 
an 8-shaped coil. When the center of a SC coil 
matches that of the 8-shaped coil (vertical 
displacement X=0), the magnetic flux through it 
is null. In addition the 8-shaped coils on both 
sides of the guideway are connected reversely 
to make a null-flux circuit: the current flow­
ing in it, when a lateral displacement occurs, 
improves the stability. In case the vehicle is 
centcied with respect to the guideway (AZ=0), 
the current is null and the distance between 
the levitation and the field coils is Z bothO
for the left and the right sides.

3 Forces between coils on orthogonal planes
With reference to Fig.2, the coefficient of 
mutual inductance M between the field coilst 8
and a generic levitation coil is [6]:

00 00 -/aZ
M, r  *. 2 *„.sin(mQ¡ix)e si» [nq (ï+b)]

where, with finite thicknesses:

M = —o 2
128 p N NO 8 t

n s t s t  q* s t t y

1 +a
b = + t

¿  B

(1)

(2)

mn/q (q+n2j

field coils on the vehicle

Fig.3 - SC on-board and on-ground le v ita tio n  
c o ils  on para lle l and horizonta l planes 
( Symbols as in F ig .2].

null-flux connections 
field coils on the vehicle

[pair of levitation coils on the grounc

Fig.4 - Field  co ils  and pa ir o f 8- shaped le v i ­
ta tion  c o ils  on p a ra lle l and v e rtica l planes 
[1L, 2L: l e f t  upper and lower unit c o i l ; 1R, 
2R: r ig h t upper and lower un it c o i l ; X: coord i­
nate o f the center o f an 8 - shaped c o i l ; W: dis­
tance between the centers o f upper and lower 
unit c o i l ; Z +AZ, Z -AZ: distance betweenO O
8 -shaped c o il and f ie ld  c o i l , fo r  the l e f t  and 
r ig h t side, respectively . Other symbols as in 
Fig. 2 ].

inh ̂ /qqy-|jsin m<5qy~  sin^nq^bj
1 +t

*i h=55 - mss - y l )si“ [(n'" sK : i ]

n+m<§ cos K -

2
1 +t

+ m<5q
h +t 

8 8

y 2
-]sin[(n+m6)qy-^]|-

.jifosb[/ï s i r " 1 J] si,i[”qy(r+tt)] -

- cosh[/ï qy 21] sinjnqy -

- Ufsinh[yq <.y( ^ t t)] cos[n,y(Íi+tt)] -

- sinh j/q qy j1] cos[nqy ,

and, in the case of filiform coils:

M fO
32 p N N___ O 8 t

*
b =

1 +as y (3)
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K. » — —  sininq bl sinfnq sinfmSq —
n" n /q L y J l y 2 J l y 2 J

' 1 a / h \
“S  r j  sint,r  "y r j•sm

and where: 
m, n
N ,N8 t
q =«/gX X

generic harmonic along x and y, re­
spectively
number of turns of field and levi­
tation coils
with g^ pitch of the series of fic­
titious field coils along x [5,6]

q =2rt/b y y
2 2 c 2 q = n +m o

6 = q /q x y
2a = q q .

The induced current in the generic levitation 
coil is [7]:

M I
• t A. \ 0 8

lt(t) = —
n X X Qnm n

-/aZ

i  I  --- 73
' i  1+lnX„Qj

UK X)

•e cos|nq ^Y+bj + arctgjnX^Qjj 
being:

(4)

Q =
q vL y x = rn L

where I is the field current, R and L the re- 8
sistance and the self inductance of a levita­
tion coil and £ a fictitious self inductancen
taking into account, unlike [5], the mutual 
linkage with the other levitation coils of the 
series [7].
The components F , F , F of the force act-
ing on a levitation coil, equal and opposed to 
the levitation, drag and lateral forces that 
the coil causes on the vehicle, are in general:

xt
m

I i (t)OA a t
8Mt 8 I i (t)yt dY a t  
0M

zt - 3 T 1. it{t)

(5)

(6) 

(7)

Lev ita tion  fo rce

From (5), with the positions:
CD

m a 2 k ♦ 1 
k » 0

s =n
00

m» 2^+1

, -, - f a' cos mq X enm V x ) (8)

< \ _/îz
K xJe (9)

xt
K 1.)
2b L y

2  CD CD n'R S ' X Qn n * n*7 7
l" V  / u [ n ' X n, Q]2'

[(D+n>}qy(V+bj + arctg£“'V  o)]

[(n-n'jq^Y+bj - arctgj^“ ' V  «)] (10)

Putting n=n’ in (10), the mean value in time is 
obtained:

<F > =xt
( " „ O

2 co

2b L *— y i
y  R S (nXng] 2

1+K«7
(11)

The levitation force F caused by the levita-
X

tion coil on the vehicle is given, due to the 
principle of action and reaction, by (10) and 
(11) with the sign changed.
For Q sufficiently high, it results that:

a 1(qX„q)
2

1+ K « )2
It follows that, at high speed and with other 
conditions unchanged, the mean levitation force 
is nearly independent of the speed itself.
Drag force

In a similar way, from (6) the instantaneous 
value is obtained [7]:

yt
(m I 1 r—I r—» 2rcn n ' S S X Q\ o sj \ \ " ** *

I— L—i_,
n n ' n ‘

2b L y in in ’ /  l+jn'X^ q ) 2'

•jcos [[n+n' ]qy [Y+b] + arctgjn'X^ Q^j +

+ cos £(n-n'jqy (V+bj - arctgjn'X^, o]]| (12)

Putting n=n' in (12), the mean value is 
obtained:

2 CO
(y .}: _____

yt /. n „ . ( . , 2<F > =
27m X Qn

2b L —̂ *n “ 1+fnX q !y 1 v n )
L s- (13)

the instantaneous value is obtained [7]:

Viewing the terms of the sum in (13), it comes
out that the sign of <F > is the sign of Q andyt
therefore of v; it follows that, due to the
principle of action and reaction, the sign of
the force <F > caused by the levitation coil on ythe vehicle is opposed and therefore such a 
force is a drag force. Furthermore, for Q suf­
ficiently high, <F > decreases nearly with 1/Q
and therefore with 1/v.
The absolute value of the ratio between <F^>
and <F > (drag ratio) estimates the efficiency yof the levitation system: the higher it is, the 
lower the drag force, the levitation force be­
ing equal. From (11) and (13) it results that:
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f /

dr =
<F )

X
<F > y

00
) R S ^
¿-n " " i- +

k )
k )

00 2
Z 2im X

„s’ n~rc
Q k )

Q (14)

For Q sufficiently high, dr is nearly propor­
tional to |Q| and therefore to |v|, the geome­
trical and electrical characteristics of the 
coils being unchanged.
Lateral fo rce

From (7), with the position:
® , > ~/aZ

T = V 2n/q X sin mq X en nm V x Jm-2k+1 k-0
the instantaneous value is obtained:

CD

(15)

(vJ‘LL
n'T S X Qn n ’ n '

2b L y in' /  l+ (n'Xn< q]2’ 
•jsin ̂ n+n'jqy ̂ Y+bj + arctg^n'X^ Q^J +

+ sin [(n“n '}qy(Y+b) ' arctg(n ’\ >  Q)] (16)
Putting n=n' in (16), the mean value is obtain­
ed:

2 CD

<F > =Z t
k . )
2b L y

y. T S -
¿-n n " 1

(n\Q)
2

1+ k Qr
(17)

The lateral force Fz acting on the vehicle is
given, due to the principle of action and re­
action, by (16) and (17) with the sign changed.
From (10), (12) and (16) the time harmonics of 
the forces F , F and F can be obtained [7].x y z

4 Forces between coils on parallel and 
horizontal planes

With reference to Fig.3, the coefficient M is
t 8

given by [6]:
CD CD -/aX

"t. = M<,E„ I*n„c° s k Z)e si" k ( Y+bj]
k-0 (18)

where, with finite thicknesses (M and b areO
given by (2)) :
X - --- ----  •n» c 2 2 i—6 m n / q 

s >
sinh /qq sinh /qq -r sininq b
r l * 2J l y 2J  ̂ y J

•{¡TÏS C03(ni , - V i " n,% k _i)sin[ k ak 'i ]  -

- HTSS cos y~~2 + “^ y - V 1)31" [ k 6]q,^]}'

i  . r 1 +t h +t \ r . . t -|
* { i ^  c o s [ n q y - ^  - ffl6qy-^Jsin[(n-m5jqy- j  -

1 f + ̂ b + t > rs \ ^tll
- Ct>3 ["'Iy-TJi + Dl5<I y - V - J Sin[ r mT y - J ) '

and, in the case of filiform coils (M and bO
are given by (3)):

■ ¡ - f H  sin K b )  siBk  r )  3in(n&>, f ) -

•3ink  r )  sxn(«6qy ji] 

and where:
qz=n/gz with g^ pitch of the series of fic-

titiuos field coils along z [5,6]
6 - qz/qy
The induced current in the generic levitation 
coil is now given by [7]:

CD COM I r—» r—i n X X Q
k(t) = T° 8 y  y n— • cos [mg^zj •

lL m-2k+l J  1+ fnX q !k-0 V. n J

•e cos|nqy^Y+bj + arctg^nX^Qjj 
With the positions:

® , . -/5x
R = V 2rt/q X cos mq Z en “ nm \ z J«-2k+l k«0

® -/lx
S = l  Zn.C0Slmq2ZJe

(19)

n »-2k+1 k-0
® f > -/aX

T = £ 2nm5 Z^sin [mqzZJe
. » r *k «m.2^1

equations (10)+(14) may be applied also in this 
case.

5 Forces between coils on parallel and 
vertical planes

With reference to Fig.4, the null-flux connec­
tion between the 8-shaped coils on both sides 
of the guideway may be represented by the cir-
cuit of Figf. 5a, where [6]:

e - e + Ae * , L I V1L L L dY 8
e - e Ae I V2L L L dY 8
e » e + Ae

3M 1R I V1R R R dY 8
e „ « e Ae

9M2R I v2R R R dY 8
i . _ » i_ + Ai i1L L
i - i +

L
Ai

21
i1R R R 2R

(20)
i L - M] 
i - Ai.

from which:
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00 00«a R L «Ul R L- Q ^ O - ^ w v ^«i A«t ia”‘L̂ kLrvvv>_.
U -

R L
^ r r e - __

et  Ae», - A i t

¡B-■£>— w v v ^ h
®1 i ut1“ 1» +ûi»Lwri

U - ,

R L
< e - O rC* ûe» Î2»=>*

(a)

(b)

2Il=“21.

R L+W—0-+— WW—ei - e* 1, --i.
—T ~

R 1—M R L-Ur O r Y A V ^ - i
(c) a«L Alt” (d) ûeI * Ai*

K L * "o ^  2 *r,.SinK ! )1 m»2k-f 1

■sm
00 00

-/âfz +AZ)
in^mq^XJ e ° s in jnq^ (Y+bJ J

M = M £ E * sin fm(I R o ^ n* V. x2J1 m»2^1

■sm
00 oo

-/âfz -az]
(mq^xj e ° sin jnq^ [Y+bJJ

M = - M £ Y, *  cos im<î ?]G o Ti u  nm v x2J1 m»2k+l k-0
-/âz

•cosjmq^xj e °sinh (/aAzjsin £nqy ̂ Y+bj j 
where the expressions for M , b and X areo nn
those given in §4, provided q replaces now q .

Fig.5 - Equivalent c ir c u it  o f the le v ita t io n
c o i l system? o f F ig  A  (a) and resolu tion  in to
the c ir c u its  lb), (c) and (d) [ e i :  e.m .fs»J i J
and currents o f unit c o i l ij; Rf L: resistance  
and s e lf  inductance o f a unit c o i l ; M: mutual 
inductance between upper and lower unit c o i l ] .

6 L
e +e 1L 21 a_

ay
f M , +M  ̂j 11 21
l 2

f M -M >| 11 21
l 2 JAeL =

e -e 11 21 a_
3Y

I V
3

I V 8

SR

AeR =

e +e1R 2R a_
ay

e -eIR 2R a_f M 1R-M 2Ray i « 
8

(21)

Li =
1 11 + 121

*R =
1 1R + 12R

M 1 =
X 11 121

M R =
1 1R 12R

With the positions:

Mi =

Mc =

M i r M2i

M +M “M -M11 21 IR 2R

M = R
M 1R-M2R

(22)

and applying the principle of superposition of 
effects, the analysis of such a circuit may be 
separated in that of the circuit of Fig.5b, 
where:

With reference to the circuit of Fig.5b, the 
induced current i =-i is given by [7]:L r*

M I
4 _  O

1i ~ ~ L+M
00 00 n X X* Q ’nm n

l" m* 2k + 1 / l+fnX'Q'l2k*0 1 n J

jmq^ljcos ̂ mq^xje °sinh^/aAzj- 
cos jnq (y+b) + arctg (nX^Q* jj
■cos

(23)
with the positions:

( M +m „d 1j IR 2R !1 — 2’ q u Îl+M]I V X' - n n - y V  ;1 2 j1 * n L+M Q ~ R

2' is a fictitious self inductance which takesn
into account, besides the mutual linking with 
the unit coils of the same row, also the mutual 
linking between the upper unit coils and the 
lower ones, bearing in mind the sign conven­
tions of Fig.5a [7] .
In a similar way, the currents flowing in the 
circuits of Fig.5c and 5d are given by [7]:

CO 00M i r - «  ^  n * X" Q"nm nA * w <

Ali ■ l^ t L E" m«2k + 1 /  l+fnX"Q")2k«0 V. n J

•sin mq
-/a[Zo+Az]

cos |nq (V+bj + arctg (ni'̂ Q"]]y
M I

(24)
OO 00

ei eR
**2

3M„
bT  ^

a . v , r  v
» ■  i<-« L .  L

n X X" Q’nm n

and in that of the circuits of Fig.5c e 5d, 
where:

3M
Ae = - t— ^ I v  i dY a
It is [6] :

0M
Ae = - 35^ I v  R 3Y b

’ /  1+(ni' r ) 2'
. r „1 . f > s m  ®qx2 smjmq^XJe

|nq (y+bj + arctg (nX'̂ Q"jJ■cos (25)

with the positions:
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2"\n _ _ jj.n L-M
, . v NQ" =

bearing in mind that 2" /2', because the con-
n n

tribution of the mutual linkage between upper 
and lower unit coils has in this case opposed 
sign with respect to the circuit of Fig.5b.
The component along x of the force acting on a 
pair of 8-shaped coils (Fig.4) is:

dti m . 3M
F -xt ax IsiiL+ ax •
that is:

3M 3M
F - 4-5^ I i + ?— -xt ax 8 l ax

I i + 1R 6M
I i + 2RI i.ax . ir ax « 2R

I Ai + 28 L
oM
ax e r (26)

Similarly, the other two components are:

F ■ yt

F z t

F = F + F + Ft Gt Lt Rt
where F„. Ft and F„ are the contributions, Gt Lt Rt

3M 3M 3M
18 L 2— -  ay I Ai + 8 L 2—zay 1 8 R (27)

3M 3M ÔM
4— - *6AZ 1 iT +9 L zaAz I Ai +8 L 2 R Z3AZ 1 Aio8 R (28)
;ions (26) + (28) may be expressed in vecto-
form:

due to the circuits of Fig.5b, 5c and 5d, to 
the total force Ft
shaped coils. It is:
the total force F acting on the pair of 8-

Fct Vcxt' FGyt' FGzt

and similarly: 
r 3M

Lt

F B l  ’  2

L ]
- 2 w  2 max 

3M
a T

an
2 5T  W  2

ati i
m  V 1*

In the case of Fig.5b a dynamic effect is pre­
sent only if i ?f0, that is only if AZ*0: the
current flowing in_ the null-flux connection 
produces the force F_ . The circuits of Fig.5c
and 5d take into account the left and right
8-shaped_coil respectively, on which the forces
F x and F„A act.Lt Rt
Expressions (10)+(14) may be again applied to
the components of F , F, and F„ , provided aut L t R 1
different formulation for R , S and T isn n n
given. With the positions:

00

R, =- y 2mn<5 X sinLn _. nm
"HIS41

f »1 f -|/ï( V œ )

_ ? » • f Vl • ( „1S = X * sin mq ? 8in mq X eLn ^ nm xZ] \ x J
m«2k + 1 v J

k - 0

00 f Vl ( \ Z +AZT = V 2n/q X sin mq \ sin mq X eLn ^ nm 1 xz V. x Jm-2k+l  ̂ '
k-0

00

R =- V 27tm<5 X sinimq ^
Rn nm I x2m « 2 k + 1 k »0

00

cos

f  wl r ^S = Y X sin mq sin mq X e 
Rn u  nm x2 \ x J■ « 2k +1 v J

(Bq xx)
- Æ (z o-iz)

k-0
00

T =- V 2n/q X sin
Rn um- 2 k +1 

k-0
00

nm
»1 . tt1^ q xjjsin(mqxXje

[/lAz]

UU y •k

R =- Y 2mn6 X cos (mq •
Gn m-2k +1 n"  ̂ X2J

km8 -/aZo
■sinjmq^xje °sinh!

œ f w'l r \ ~ ^ Z r ^
S Un‘ - £  Z „rnCOS ” q . 2 j C 0 S r ' , xXJ e “ “ h ( Æ s z jm«2k+1 v J

k-0

® ( u"\
T = £ 2n/q * cos m<I Ô 'Gn u  nm x2 Im-2k♦1 ' J

k-0

COS K X)
-/aZ

cosh (/lAz)
the time harmonics of F_, Fr and F„x can beGt Lt Rt
therefore obtained.
The time mean values of the components are [7]:

2

<F >
i x t

( y j 2 y  R (n X inQ i )
/ . in in

f mc 3M 3M >

( 4 5 T  ï . h ' 4 a r  I . i i ' 4 aiz I . i l ) <F > Jiyt

2b L y i

<F >
i z t

2b L y i
K O

2 CD

V s 2
ln1

2  00

2b L “ n y i i
Y  T S
/ in  in

K a ):
2nn2 X; Q

1+K a ) 2 

K „ « J 2

l+

(29 )

(30 )

(31)

where i=G,L,R, L =L+M, L =L =L-M, X =X‘,G R L Gn n
X =X =X", Q =Q’ e Q =Q =Q". Again, for Q ’ and

R n  L n  n G k l

Q" sufficiently high, the drag ratio dr is 
nearly proportional to the speed.
Finally, the total mean forces are:
<F >xt

A
X

VII + <F >Lxt + <F >Rxt
<F > yt = <F >Gy t + <F >Lyt + <F >Ryt (32)
<F >z t = <F > Gzt + <F >L z t + <F >Rzt
while the levitation <F >,X

drag <F > y and later-
al <F > forces acting on the vehicle and produ­
ced by the pair of 8-shaped coils are given by 
(32) with the sign changed.
Important quantities for the stability analysis 
are the incremental forces 8<F >/dX andxt
3<F >/3AZ, obtained by the derivation of R, ,

z t  in
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S , T;.."T The, Vertical and lateral stabilitiesin in
of the vehicle are possible if: !
3<F,* >xt
ax a

x - x
i< :

a<F > z t
3AZ > or

Az-oO >
being X the, coordinate of the equilibrium
point between the levitation force and the 
weight of the vehicle.. V : £ r “* . £.• 7 -In all the configurations, the mean forces per 
polar pair acting on the vehicle are 2N times 
the.forces produced by a single coil or N times 
the forces produced by a pair of 8-shaped 
coils. As for the harmonics, in the forces per 
polar pair are present only harmonics with an­
gular frequency Nq^v and multiple and amplitude
2N (N) times that of a single coil {pair of 
8-shaped coils) [7].

Fig.6 - Instantaneous values o f  le v ita t io n  F ,
X t

drag F A and la te ra l F . forces  acting on a
y t  z t

le v ita t io n  c o i l  versus Y ( Configuration o f  
F ig .2 and Tab.I) [m=51; n=71; g^=3.5 m].

6 Examples of application
F ie ld  and le v ita t io n  c o i ls  on orthogonal planes

The expressions developed in §3 have been uti-. 
lized to calculate the levitation, drag and 
lateral forces acting on an EDS-MAGLEV vehicle 
with the coil configuration of Fig.2.
With reference to the data of Tab.I, Fig.6 
gives the instantaneous forces acting on a le­
vitation coil for Z=Z and «=500 km/h.

Tab.I - Geometrical and e le c tr ic a l parameters 
o f a veh icle  with the con figuration  o f  Fig. 2

h = 0.45 m t = 0.05 m
N = 1200 

8

1 = 1.9 m- 
8

s = 0.08 m 
8

a = 0.7 m 
y

1 = 0.53 m 
s = 0.09 m 
N = 24

b = 21.6 m y
h = 0.23 m 
N = 521 m
R = 35 mQ 

178 kN

- •
I = 600 A »

t = 0.07 at
Z = 0.25 mo
L = 1.73 mH

Vehicle weight =
Polar pairs per vehicle and side = 1

Fig.7 gives the mean forces acting on a coil 
versus X. As a single coil has to produce a 
mean levitation force of 3.7 kN in order to 
balance the vehicle weight, from Fig.7 one can 
deduce that at 500 km/h the balance displace­
ment is X =0.411 m. Furthermore, near such aO
point it results that (3<F >/3X)<0 and there-xt
fore the vehicle is inherently stable in the 
vertical direction; on the contrary it is pos­
sible to verify that it results that
(3<F >/3Z)>0 and therefore the vehicle is in-z t
herCntly unstable in the lateral direction and 
a control is necessary to get stability. 
Finally, Fig.8 gives the mean forces <Fyt> and
<Fzt> acting on a coil, the drag ratio, the
r.m.s. induced current and the balance
displacement X versus speed.

20

15

<Fxt>,<Fzt> IkN] <Fyt> IN]

1 0 -----------------------*

-5

^  I .
!

v-500 km/h
. i______ L

\«Fzt>
! I !i i
> ■ ; 

X0»0.411 m

—• •
3.7 kN

T T T  ------ 1------1______ 1

. ! | I 
■ ; ! !

2000

1500

1000

500

0.25 0.3 0.35 0.4 0.46 0.5 0.55 0.6
X (m}

-600

Fig.7 - Mean le v ita t io n  <F >, drag <F > andxt y t
la te ra l <F > forces acting on a le v ita t io nzt
c o i l  versus X ( Configuration o f Fig. 2 and 
Tab.I).

Fig.8 - Mean drag <F > and la te ra l <F > f o r -yt zt
ces acting on a le v ita t io n  c o i l ,  drag ra tio , 
induced current and balance displacement versus 
speed ( Configuration o f F ig .2 and Tab.I)I.
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F ie ld  and le v ita t io n  c o i ls  on p a ra lle l and ver­
t ic a l  planes

The expressions developed in S5 have been uti­
lized to calculate the levitation, drag and 
lateral forces acting on an EDS-MAGLEV vehicle 
vith the coil configuration of Fig.4.
With reference to the data of Tab.II [4,8], 
Fig.9 gives the instantaneous forces acting on 
a pair of 8-shaped coils for AZ=0 at v=500 km/h.

Finally, Fig.10 gives the balance displacement 
and the drag ratio dr versus speed and com­

pares the obtained results vith the ones in 
[83.
The above diagrams have been obtained vith the 
approximation of filiform coils; the calcula­
tions, repeated taking into account the coil 
finite thicknesses, have given results some 
percent different from the previous ones.

Tab.II - Geometrical and e le c t r ic a l  parameters
o f a veh icle  v ith  the con figu ra tion  o f  F ig  A

1 = 2.15 m • h = • 0.45 m t = 8 0.05 m
s = 0.08 m 8 u = • 1000 I = • 700 A
a = 0.45 y b =y 21.6 m
1 = 0.73 m V 0.27 m t =t 0.07 m
s = 0.09 m N =t 52
W = 0.42 m Z =o 0.185 m N = 24
R = 45 mQ L = 2.33 mH M = -0.31 mH
Vehicle veight =* 200 kN
Polar pairs per vehicle and side = 1

Fxt IkN] Fyt IkN]

Fig.9 - Instantaneous le v ita t io n  F and drag

F t forces  acting on a p a ir  o f  %-shaped c o il

versus Y ( Configuration o f  F ig  A  and Tab. 11) 
[m=201; n=201; g =3.5 m].

X

Xn [mm] drag ratio dr

¥ [km/h] , . .

Fig.10 - Balance displacement ,and drag ra tio  
versus speed (Configuration o f  F ig .4 e Fab.II).

7 Conclusion >
The levitation, drag and lateral forces, ob­
tained in the paper using an analytical three- 
dimensional method, are formulated by means of 
general expressions; this allovs their applica­
tion to all the different coil configurations 
proposed for EDS-MAGLEV systems vith SC magnets 
and air-core LSM.
The developed expressions can be applied both 
to the actual case of coils vith finite thick­
nesses and to the approximated case of filiform 
coils, alloving simpler expressions vith a 
usually satisfactory precision. The developed 
expressions also take into account the mutual 
linkage betveen levitatiop coils of a rov. 
Finally, the utilization of analytically- 
developed general expressions allovs to 
perform, unlike numerical methods, a quick and 
easy evaluation of the forces vhen the coil 
sizes and configurations vary.
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