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1.0 INTRODUCTION

There are many design alternatives for the propulsion and suspension subsystems of a 
magnetically levitated vehicle (MAGLEV). Over the last thirty years, many analyses and tests have 
been performed to study the performances of various design alternatives (References 1-7). 
References 1 and 2 give an overview of different MAGLEV designs and their advantages and 
disadvantages. The designs that have been reviewed in the references include the various U.S., 
Japanese, and German prototype systems. References 3-7 and the references quoted therein, and 
many others, present very diverse analytical and test results of the performance of subsystem 
design alternatives. The results cover the electromagnetic (EMS, or attractive) and the 
electrodynamic (EDS, or repulsive) suspension subsystems as well as linear induction motor 
(LIM) and linear synchronous motor (LSM) propulsion subsystems. Generally, a different 
analysis was used for each design alternative. This is undesirable for a design engineer because it 
makes his job more tedious. To simplify the design process a generic analysis has been performed 
and the formulas have been implemented into computer codes so that many design alternatives can 
be investigated by simply changing input parameter values. The following paragraphs describe 
some types of analyses capable of being performed by the computer codes developed on this 
program.

Linear induction motors (LIM) have been suggested as candidates for MAGLEV 
propulsion. Questions then arose as to whether they can provide enough propulsion and levitation 
forces simultaneously (References 2 and 7). The computer codes developed in this study can be 
used to help answer this question. This analysis is done by using the program described later in 
this report.

Recently, the concept of using permanent magnets as primary attractive suspension sources 
and electromagnets for stability control was re-initiated due to the advance in the permanent magnet 
technology (References 8 and 9). The computer codes developed and presented in this report in 
program described later can also be used to address the feasibility of this concept.

Effects of magnetic fields on humans have become a public concern. With the necessity of 
generating strong magnetic forces to accelerate and levitate the vehicles, large stray magnetic fields 
may be produced. These stray magnetic fields may erase stored data in onboard magnetic devices 
or cause other problems. Keeping the stray magnetic fields small in certain areas by shielding is 
indeed desirable. This is especially a problem when superconducting coils are used in a repulsive 
suspension subsystem. There are two shielding schemes available, passive and active, for such a 
purpose. The performances of the two shielding schemes can also be studied by the same generic

1



In this report, Section 2.0 describes the scientific theory and mathematical formulations for 
the analysis. Sections 3.0 and 4.0 give example results of the design alternatives and shielding 
schemes. Section 5.0 is a user's manual on the use of the programs. The analysis makes use of 
the Fourier transforms and Maxwell's equations to solve a boundary-value problem. A reader who 
is not familiar with those topics may want to skip Section 2.

analysis, with minor modifications on the computer codes mentioned in the last two paragraphs.
The program presented later in this report can be used to analyze this problem.

2



2.0 MATHEMATICAL FORMULATION

The four layered structure is shown in Figure 1. In this structure, layers 1 and 4 are taken 
to be non-conducting (either free space or infinitely thin laminated iron), layer 3 is free space, and 
layer 2 can be the reactive track having a constant uniaxial conductivity or free space. Layers 1,2 
and 4 are allowed to have uniaxial permeabilities. The uniaxial parameter values are used to 
approximate various material constructions, such as laminated irons, which may have different 
material properties in different directions. The magnetic-field sources, either current loops or 
magnet poles, are taken to be at the interface of layers 3 and 4, at the interface of layers 2 and 3, or 
at both interfaces. Layer 4 and the source at the interface of layers 3 and 4 can thus simulate the 
vehicle, while layers 1 and 2 and any possible source at the interface of layers 2 and 3 can simulate 
the guideway, or vice versa. The magnetic configurations described in Section 1.0 can be analyzed 
by doing a generic analysis on a four layer structure and assigning the appropriate characteristics to 
each layer. Since, in operation, there is a relative velocity between the vehicle and the guideway, 
the combined layers 1 and 2 are allowed to have a velocity (v) with respect to layer 4 which is 
taken to be stationary. Maxwell's equations in a moving medium together with Fourier transforms 
are used for the analysis.

Maxwell's equations involving moving magnetic material are complicated. However, with 
displacement currents and relativistic effects neglected, the Maxwell equations governing the 
electromagnetic behavior of the moving layers 1 and 2 are simplified to:

3B 
*3t 
J
( E  +  v x B)

V x E =

V x H = 
J = o  •

B = p • H
(1)

where E and H are the electric and magnetic field intensity vectors, respectively, B is the magnetic 
induction vector, J is the current-density vector, v is the velocity of the medium, p and o are the 
permeability and conductivity tensors of the medium. The computer program described in this 
report allows the user to set conditions and/or parameters in the four layers and then solves the 
equations to provide levitation, thrust, and field strength. The remainder of this section provides 
details of the mathematical solution, and in subsections (i), (ii) and (iii), levitation, propulsion and 
shielding programs are discussed. Sample analyses are developed in Sections 3.0 & 4.0. The
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Figure 1. Four layered model of a generic MAGLEV system.
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above coupled equations can be decoupled (between E and H) to obtain, for a non-singular 
G (i.e., 0 * 0 ) ,

V x [o "1 • (VxH)] = - | - ( n  • H )- (v • V)(p • H)
~ dt ~ ~

V x [|i-1 • (VxE)] = ~ | - ( c  • E) + g • (v x V x E) (2 )

J = G • [E + vx(p. • H)

B = Vs H

and, for G = 0,

V x [p."1 • (V x E)] = 0 

V x H  = J = 0
V • (|i- H ) = 0 (3)

B = fi- H

Equation 3 is applicable for layers 1,2, and 4; Equation 2 for layer 2.

The following Fourier transform pair is then introduced to simplify partial differential 
equations (2) and (3) to ordinary differential equations.

( 4 )

A(t, x, y, z) = — j  JA(0), kx, ky, z) e io)t+ilCxX+ikyyda) dkx dky
—  O B

- 1 r f f iot-ik x-ik v
A(to, kx, ky, z) = — J J J A(t, X, y, z) e y dtdx dy

—oo

V/ith the use of Equation 4, a 3-dimensional problem can be solved. Limitations placed on such an 
approach are that it can not address detailed design features, such as, detailed magnet 
configurations, and that the edge effects due to a finite width of the reaction rail can not be 
analyzed.
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By applying Equation 4 to Equation 3, one can express the non-trivial solutions for the magnetic 
induction (B) in layers 1,3, and 4 as below:

(a) layer 1 (z < 0)

B , i  =  I „ e k * 12 

Byi = Iyekz' z 

Bzl = Izekziz

with

I „  =

M^lz 

_  U ly

Hlz

I ,
y  U ix  k x

I  i i lz . k z l j  

Hlx * *

(b) layer 3 (h2 < z < h2+h3)

Bx3 = H I^  e 'kl(z-h2) +m^2) eM z-h2)

By3 = e’kz(z“h2) + In(y2) ekl(z_h2)

B,a = m (1) e*Mz_h2) + m(2) ekz(z-h2) 
i  3 z z

with

k
2
z + k2

y

m a)
X

z  t. X
* x

iii(v2) = ^ - m (2)
/  lr ^

n 4 2) = ^ - m (2)
z  * x  *

(5)

(6)

6



(c) layer 4 (z ^h2+h3>

Bx4 = IVX c'k*4(z_h2)

B y 4  =  I V y  e ' k * 4 (Z _ h 2 )

Bz4 = IVZ e-k*4(z~h2)

with

H 4 x  1 .2  , ^ 4 y  

H 4 z  *  M-4z

k i

j y  £ 4 z  ^ Z 4  I V ;  

l * 4 x  ^ x

(7)

Similarly, by applying Equation 4 to Equation 2, one can express the electric field intensity (E) in 

layer 2 (0<z<h2) as

(d) layer 2 (Ckz<h2)

Ex2 = (II(x1c) cosh k ^ z  + II^} sinh k ^ z )  + (11^ cosh k ^ z +  sinh k ^ z )

Ey2 = (njg cosh k<»z + sinh k ^ z )  + (II(y2) cosh k<2)z + n<2) sinh k<2)z) (8)

Ez2 = (D^? sinh k ^ z  + cosh k ^ z )  + (11^ sinh k ^ z  + 0 ^  cosh k ^ z )

and the magnetic induction (B) as

iO)Bx2 = {[(ikyUg) -  k ^ n ^ )  sinh k ^ z ]  + [(ikyO^ -  k ^ H ^ )  cosh k ^z]

+ [(iky II<2> -  k<2> n (y2))sinh k<2>z] + [(ikyIl£> -  k f  H ^ )  cosh k<2>z]}

io)By2 = { [(k^H ^  -  ikxII(2j5)) sinh k(z1}z] + [ (k ^ I lg  -  ikxII(z10)) cosh k^z]

+ [(k(z2) n (x2) -  ikx Ilg^sinh k<2)z] + [(k<2)n<2) -  ikxn g }) cosh 4 2)z]} (9)

i«Bz2 = |[(ikxIIyg -  ik y ll^ ) cosh kz1}z] + [(ikxII$  -  ikyH ^) sinh k(z!)z]

+ [(ikx II(y2) -  iky n (x2))cosh k<2)z] + [(ikxII^2) -  ikyH(x2)) sinh k*2)z]}

7



H 2 z < * z ~[(H2zq x + U2xqz)kx +0*2zq y + M2yq z)ky - ^ - V ^ z S z ^ x ^ y  + q y^2x)]kz 

+ [n2xkx + H2yk? " i(CO -  kyv)p2xp2yOz J o xk2 + q yky “  *(® " kyv )q xq yH2z] = 0

( 10 )

with and k£2) satisfying

via

n
(1 ,2 )  =  r ( 1 ,2) n ( l ,2 )
ye,o xe.o

R d , 2 )  = r P
Rd-2)
Kb

R[1,2) = [M’2xkx + M’2yky " K® -  kyV)^2x^2yOz]

x [p2yk2 -  H2z(k(zU ) )2 -  i(co -  kyv )o xp 2yp 2z] + H2xH2zkx(kz ’2))2

(ID

R(bl,2) = ^2ykx{(ky + ^ xv^2z)[il2xk5 + H2yk? “  H 2z(4U ) )2 ~  K® " ky v)ll2xH2yq z] 

- i H 2 z ( k(z1 ,2 ) ) 2 v ( l l 2 x < J z - ^ 2 z O x ) }

(li2) = ~ kz ,2)[i^2xkx + (iky ~ vli2xq z) ^2y r ( U ) ]

H2xkx + M’2yky “ »(® " kyv ) H2x^2yq z

In the above equations, o n (n = x, y, or z) is the conductivity of layer 2 in the x,y,z 

direction, i.e.,

a  = xxox + yyOy + zzaz ,

and Itmn (m = 1,2, or 4 and n = x, y, or z) is the permeability o f layer m in the n-direction, i.e.,

H = « n mx+yypmy + zzpmz, m = l, 2, or4.
~m

From Equations 5-11, it is observed that there are still eight unknown coefficients to be 
determined. They can be calculated by applying the following eight boundary conditions:

8



(12)

Bzl — Bz2 » Hjj — Hj 2 (ot, Hyj — Hyj)i at z = 0

Bz2  = Bz3 , Hy2 — Hy3 =  Kx2 (or, Hx3 — H x2 =  ^y2)» at z = h2

Bz3 — Bz4, Hy3 ~ Hy4 = ^x3(OT' Hx4 = Ky3 ), at z = h2 +  h3

Ez2 ~  yBx2 = 0  * at z = 0, h2

The quantities K ^ , are the m-component (m=x, or y) of the surface current density at the interface 

o f layers n and n+1.

After applying die boundary conditions, it is found that

m<2> =  . - “A  ^  

x k y

4z V ,+ V , ,2k h, 1 , ( .  V ,+ V , ,2k h 
c . 1— 1---- 2- e 1 3 + k ,  1 + —1----- *-e *
z4  V _ v  z  \/ _  \7V - V  V 1 2

z
>  V V V 2

^ I k z 4 K x j  +  0 2 4 2 k l 4 - n o k I ) e l * h ’
V - VVI v2 J

m m _  V v 2 M A  v ,k ,2
V - V  x
V I  v 2

k V - VK y  V j  V 2

xe V , - V ,
1 T2  k y  V V 2

(13)

u (2) = t  n (1)xe xe

n (1 )  =  u  n (1 )xo xe

n (2) = s  nfl>xo xo

i  = A >1
x (ok

^  |(k R™ -  k ) n<» + (k R<2> -  k ) 
2lHu  ‘ y «  ,  y

^ 4  =
e k „ k , V .K ., ,k h 

K  ■ +  ■ ■ 1 e  ■ >
x3 V  - V  

V 1 v 2

Li k ^o x
f , _ V V2 c- 2k.h0 m (2)

V V2 J X

9



where

V. = — *- [(k R(1* - k  ) (cosh k ^  h , +Usinh k*^h,)
1 to k  l  *  j  *  x  z zz

+ (kzR(1)- k y) (Tcosh k<2) h2 +SUsinh k<2)h2)] 

ill k
V, = — R-*- f(k ^  - ik  Q ^ )  (sinh k ^  h , +Ucosh k ^ h - )

2  0 ^ 2 y k z  1

+ (k<2) - i k xQ(2)) (Tsinh k(z2)h2 +SUcosh k(z2)h2)]

T = Tt /T b

Tt = sinh k<1} h2[(ikyQ(1) -  k(z1}R(1)) + S(ikyQ(2) -  k(z2)R(2))]

LL k
— 2 i-i-  (k r M - k  ) (cosh k ^  h , -  cosh k ^  h-)

^lzkzl X y

Tb = S_1 sinh k(z2) h2[(ikyQ(1) -  k(z1}R(1)) + S(ikyQ(2) -  k<2)R(2))j

+ (k r (2) _ k ) (cosh k*!) h , -  cosh k ^  h ,)
^lzkzl y

U = (cosh k ^  h2 -  cosh k ^  h2) (s-1T sinh k ^  h2 -  sinh k ^  h2 j

i - l r

S = -
k  V fc(2)v

Q(2)( l — £-) + -*—  r (2) 
a) ico

k  V  k ^ v
Q O ) d — y _ ) + _ z _  R o )  

0) ico

(14)

With the above formulas given in Equations 4-14, the magnetic field at any arbitrary 
location can be calculated. The force (F) that is exerted on layer 4 or the combination of layers 1 
and 2 can be calculated from the surface integration of the stress tensor (T)

F = JT  • n dS (15)
s "

where

T = ij Ty, i, j = x, y, z

10
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and n is the outward unit normal vector for the surface S enclosing the volume over which the 
force is to be calculated. The formulas are versatile and can be used to quantify the performance of 
various MAGLEV design alternatives and shielding approaches. In the next few paragraphs, some 
special applications will be discussed. These special applications will be implemented into specific 
computer codes to produce results to be discussed in Sections 3.0 and 4.0, and with code 
descriptions in Section 5.0.

(i) Suspension as the primary application:

There are two suspension (or, levitation) approaches, namely, repulsive (or, EDS) and 
attractive (or, EMS). The EDS approach generally makes use of the repulsive force between a 
magnetic-field source (generally, superconducting current coils) and the eddy currents induced in a 
conductor (the reaction track) when the source is moving over it. The EMS approach relies on the 
force between magnets, either permanent magnets or electromagnets, or the force between a 
magnetic-field source and a ferromagnetic material with high permeability. For an EDS approach, 
or an EMS approach using high permeability material the source will exist only at the interface of 
layers 3 and 4 (i.e., K2 = 0, v * 0). On the other hand, for an EMS approach using forces 
between two magnetic field sources, both K2 and K3 will be non-zero, but v and the conductivity 

of layer 2 are in general zero.

In principle, the formulas derived can be used for any arbitrary current sources (which will 
produce the necessary magnetic fields). For the computer codes developed under this effort, 
rectangular current loops of a specific dimension will be implemented. Note that the current levels 
(Io) and coil dimensions (a x b) are inputs to the programs. The current loops will also be 
superposed to simulate magnets, by imposing the approximation that inside the magnet the 
magnetization is uniform so that the magnet is equivalent to a current sheet with K = nx  Mm. For 
suspension purpose, the current source will most possibly be a direct current (DC, i.e., © = 2rtf = 0, f, 
source frequency). For a rectangular loop with current strength I0, dimensions a x b, and centered 
at the origin, Kx , the x-component of the surface current, will be given by

K x = —  sin^^- sin—'—  ■ 2ji8(co)
*  k* 2 2 (16)

11



(ii) Propulsion as the primary application:

Two propulsion approaches are considered, namely, the linear induction motor (LIM) and 
the linear synchronous motor (LSM). A linear induction motor makes use of the force between a 
"travelling" magnetic-field source and a conducting reactive track. A linear synchronous motor 
makes use of the force between a "travelling" magnetic-field source and another source moving at a 
synchronous speed (i.e., at a speed equal to the phase velocity of the travelling wave source field). 
The LIM thus has a non-zero K3 but a zero K2. The LSM, on the other hand, will have both non­
zero K3 and K2, but a non-conducting layer 2. The travelling-wave source K3 for both LIM and 
LSM will be alternating currents (AC), while the source K2 for a LSM will be a DC.

For the computer code developed under this effort, the travelling wave source, with a phase 
velocity GOo/kyo, will be taken to occupy a rectangular area of a x b, centered at x = y = 0. That is

V  - l O  - i w o t + i k y o y

k,3_T
, b b a afor —  £ y £ —, —  £ x £ —

2  2  2  2

and

*  I 0  2  1 .K.-i = — ------- sin
X3 b x kx

kxa
k y 0  k y

sin-
(k yo ky)b

2 n 6 ( 0 ) - 0 ) o )

(17)

with

sin(kyob/2) = 0

As for K2 needed in a LSM, it is taken to be a rectangular loop of size a2 x b2, centered at (Xq, y0) 
at t = 0, and moving at a velocity v in the y-direction. Kx2, thus, takes the following form

Kx2 = —̂  —  sin ■ sin 
x2 it kx 2

kyb2 - i k t x0 - i k yy0 

2
2n5(co -  kvv) (18)

In Equations 16-18,8(0) - (Oq) is the delta function.

(iii) Shielding as the primary application:

There are two shielding schemes, namely, passive and active. A passive approach makes 
use of material with high permeability to reduce the permeated magnetic fields. An active approach 
makes use of a secondary magnetic-field source of opposite polarity to reduce the magnetic field in 
the regions of interest. Sometimes, it may be advisable to use the combination of both approaches.

12



For example, one may use an active approach to reduce the magnetic field to a level which would 
allow the passive shielding material to have a higher permeability and thus better shielding 

performance.

In a MAGLEV system, the magnetic-field sources of most concern in producing stray 
magnetic field are the on board DC superconducting coils used for either EDS suspension or LSM 
propulsion. The passive shielding material and/or the active shielding source will also be on board 
and located between the superconducting coils and the passenger compartment A zero velocity 
can thus be used in the formulas derived earlier. However, in order to consider a combined 

passive and active shielding approach, proper superpositions are needed to allow for two sources, 
the primary source plus one active shielding coil source. Both the primary source and the active 
shielding coil are rectangular loops of arbitrary sizes and locations. The Kx will thus take the form 

o f Equation 16^

!

(

13



3.0 SOME CONSIDERATIONS OF DESIGN ALTERNATIVES

From Section 2.0, it is clear that the computer codes developed using the formulations 
derived therein can be used to analyze many design alternatives. In this section, two design 
alternatives will be analyzed to address their feasibilities, from the viewpoint of whether enough 
forces can be generated using reasonable capacities of sources. The two design alternatives are, a 
linear induction motor design for both propulsion and levitation, and an EMS levitation design 
using both permanent and electromagnets. The validation of the codes has been performed by 
running some very simple cases and comparing the results with those obtained from analysis.
Such comparison for validation will be indicated along with some presentation of numerical 
results. It should also be emphasized that results obtained from the codes are to be treated as 
approximated values. This is because the modeling won't allow one to include detailed design 
considerations. If the model simulates the real design very closely, the approximation is expected 
to have errors of less than, say, ten percent.

3.1 A Linear induction Motor Design for Both Propulsion and Levitation

To analyze this design alternative, as described in Section 2.0, the source at the interface of 
layers 3 and 4 will be a current sheet travelling at a phase velocity of to/kyo, and layer 2 will be a 
conducting ferromagnetic material. The material needs to have a relatively high permeability to 
produce the necessary levitation force, and a conductivity high enough to produce the necessary 
propulsion force. The conductivity must be sufficiently small to avoid the induced eddy current 
from reducing the levitation force too much. That is to say, the purpose of this analysis is to 
investigate how the set of parameter values (on the conductivity, permeability, thickness of layer 2, 
gap width, and frequency (f) and phase velocity (27tf/ky0) of the travelling-wave source) for this
design produces propulsion and levitation forces over the velocity range of interest For 
simplifying the investigation, the analysis in this example is performed by assuming no x- 
dependence, i.e., the coil width is large so that the transverse (x) variation is negligible, although 
the developed computer codes allow for x-dcpendent calculations, i.e., for finite width coils.

Figure 2 shows the propulsion and levitation forces as functions of the vehicle velocity (v) 
for various rail permeabilities (]ir2) arid a set of other source and track parameter values (see Figure 
3 and Appendix A for definitions of the parameters). The source current sheet has a frequency (f) 
of 400 Hz and a phase velocity of 160 m/s (i.e., kyo, the wavenumber, is 57t). As expected, the 
curves indicate zero propulsion and maximum levitation forces at a vehicle velocity equal to the 
phase velocity. At this velocity, the levitation force approaches that of an approximate result

y
( -  / (2b)) that can be analytically obtained for a case that pr2 and h2 are larger and h3 is

14
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Figure 2. Propulsion forces ( f y )  and attractive forces (fz) as functions o f the vehicle velocity (v) for various |if2  in a U M  design
alternative, when the driving current sheet has f  *  400 Hz, ky0 ■ 5*, b *  2 m, and die reaction rail has o  *  106 S/m, and 
h2 ■ h3 ■ 0.02 m.



Figure 2. (concluded). Propulsion Ibices (fy) and attractive forces (fz) as functions o f the vehicle velocity (v) for various p ^ in a  
LIM design alternative, when the driving current sheet has f  ■ 400 Hz, ky0 -  5k, b ■ 2 m, and the reaction rail has o  -
106 S/m, and h2 -  h3 -  0.02 m.
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Figure 3. A schematic diagram of a MAGLEV system with definitions of some parameter values used in the corresponding 
analyses and computer codes. Also, refer to Appendix A for additional explanation.



smaller. The levitation force generally increases with the permeability, while the propulsion force 
decreases. Such a dependence can be easily observed in Figure 4, which presents the forces as 
functions of the permeability of the reaction rail for two vehicle velocities. Figure 5 gives the 
forces as functions of the conductivity of the reaction rail for two vehicle velocities (0, and 135 
m/s) and a set of values of other parameters (such as b = 2m, h2 = h3 = .02m, given in the figure). 
The propulsion force increases with conductivity, while the levitation force decreases.

Figure 6 gives the forces as functions of the thickness (h2) of the reaction rail for two 
vehicle velocities and a set of values of other parameters. The sharp changes in the curves at 
h2 = 0.01m are due to large step size (in h2). Each curve shows a constant value at h2 £ 0.01m. 
This is expected because the skin depth for the selected set of parameter values is very small 
compared to 0.01m. Increasing the thickness beyond 0.01m will not benefit the force 
performances. Figure 7 shows the dependence of the forces on the gap width (h3). The forces 
decrease quickly as the gap width increases. This demonstrates one reason why an attractive 
levitation approach needs to maintain a small gap width.

Figure 8 presents the dependence of the forces on the frequency (and, thus the phase 
velocity) of the travelling-wave source current. The phenomena that the propulsion force has a 
zero value and the levitation force has a maximum when the vehicle velocity is equal to the phase 
velocity of the source current are again observed.

The analysis presented in this report is not intended to be extensive, but just enough to give 
some understanding on the effects of various parameter values. To appreciate how strong the 
forces produced by such a combined design alternative are, one can use Figure 2 for a 
demonstration. For a travelling-wave source extended for 2ra(=b, in the longitudinal travelling 
direction) with f = 400 Hz and kyj, = 5 re and a reaction rail with 106 S/m conductivity, 500 Po 
permeability and 0.02 m thickness, the forces for a 0.02 m gap and vehicle velocity below 135 
m/s, are:

propulsion forces ( f y )  >  0 . 0 0 6 8  newton/kNI

levitation forces ( f z )  > 0.064 newton/kNI

That is, if the source current (Iq) is 400 kNI, then, the forces are

propulsion forces ( f y )  > 1.1 kilo-newton

levitation forces ( f z )  > is 10 kilo-newton

18



fy
 (

n
w

t/
kN

I)
 

fy
 (

n
w

t/
kN

I)

Hgure 4. Propulsion forces (fy) and attractive forces (fz) as functions o f foe relative permeability (n d )  o f the reaction rail for 2 
vehicle velocities in a U M  design alternative, when foe driving current sheet has f  -  400 Hz, ky0 ■ 5*. b ■ 2 m, m i f o e  

reaction rail has o  -  106 SAn, and h2 -  h3 ■ 0.02 ol



fy
 (

n
w

t/
k

N
I)

 
fy

 (
n

w
t/

k
N

I)



fy
 (

n
w

t/
k

N
I)

M

h 2  (m) h 2  (m)
Hgure 6. Propulsion forces (fy) and attractive forces (fz) as functions of the thickness (h2) o f the reaction n il for 2 vehicle 

velocities in a LIM design alternative, when the driving current sheet has f  -  400 Hz, ky0 * 5jc, b «  2 m, and the 
reaction rail has o  * 10* SAnjig ■ 500, and h3 * 0.02 m.



fy
 (

n
w

t/
k

N
I)



Figure 8. Propulsion forces (fy) and attractive forces (fz) as functions of the frequency (0  o f the current sheet source for 2 vehicle
velocities in a U M  design alternative, when the driving current sheet has kyo -  5k , b -  2m, and the reaction rail has
o «= 106 S/m, ^  500, and h2 -  h3 = 0.02 m.



These forces can be increased by varying some of the parameter values or implementing 
and operating several units simultaneously. It should also be noted that the example calculations 
were performed by imposing the x-independent condition. That is, the results are given for per- 
unit-length of the transverse (x) direction. The calculations can also be performed for more 
realistic cases by allowing variation of coil size in the tranverse (x) direction using the developed 
codes.

3.2 An EMS Levitation Design Using Both Permanent Magnets and Electromagnets

To analyze this design alternative, as described in Section 2.0, the source will extend from 
the interface of layers 3 and 4 to some area inside layer 4, and layer 2 will be a ferromagnetic 
material. To minimize the reduction in the levitation force due to eddy current induced in layer 2, 
its conductivity should be kept as small as possible. The magnet source, in this formulation, is 
approximated as sheets of current loops. The magnitude of the current density on the current 
sheets is determined by the properties of the magnet material, the geometry of the magnet, the 
ampere-turns of the electromagnet, the gap width between the magnet and layer 2, and also the 
material properties of layer 2. To make the problem tractable, it is assumed that the reluctances 
inside the electromagnet and layer 2 are small (Le., very high permeability). Under such an 
assumption, the equivalent surface current density of the current sheet for a combined permanent 
magnet and electromagnet design can be determined from the curve shown in Figure 9. Figure 9-a 
gives the magnetic induction vector (B) of a combined permanent magnet/electromagnet 
configuration such as that of Figure 9-b (taken from Fig. 1 of Ref. 8) as functions of the gap width 
(h3) and the ampere-turns of the electromagnet Once a gap width and the ampere-turns are given, 
the magnetic induction vector read from such a curve can then be used to obtain the strength of the 
equivalent current loops. The forces can then be calculated from the superposition of those 
equivalent current loops. This superposition has also been implemented into the computer codes.

The purpose of this analysis is to find out certain requirements for permanent magnets to 
provide sufficient forces to levitate a vehicle. Such an attractive levitation scheme is unstable in the 
sense that without a feedback control a decrease (or increase) in the gap width (due to, e.g., the 
change in the vehicle weight) will tend to further decrease (or increase) the gap width. The 
introduction of electromagnets into this design serves to control the magnet's magnetization vector 
(and so, the magnitude of the equivalent current sheet) such that when the gap width changes the 
attractive force can change due to the change in magnetization. The design and detailed working 
principle of the feedback control is beyond the scope of this work and will not be discussed further 
here.
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(a)

Figure 9. A demonstration diagram for estimating the magnetization and equivalent current 
sheet of a combined permanent and electromagnet
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Figure 10 shows the propulsion and levitation forces as functions of the vehicle velocity (v) 
for two pole lengths (pi) and a set of other source and track parameter values. The pole length is 
introduced to terminate the integration of the equivalent current sheet From the figures (comparing 
the top to the bottom ones), it is observed that using a pole length of about ten times the magnet’s 
longitudinal dimensions (b3) gives very good approximations. The figure also indicates that the 
attractive force (fz) decreases with velocity and the drag force (-fy) increases with velocity in the 
calculated velocity range (i.e., below 180 m/s). Figures 11 and 12 show the forces as functions of 
the permeability and conductivity of the reaction rail, respectively, for two vehicle velocities, when 

the vehicle is not moving (v = 0), the drag forces are expected to be zero and they are not 
presented. As for the levitation force (fz), it does not change with conductivity when the vehicle is 
not moving (note, f = 0 is assumed), but increases with higher permeability. It is also observed 
that when the velocity is zero, the attractive force approaches that of an approximate result 
(bB2/(2|io)) that can be analytically obtained for the case that |ir2 and h2 arc larger and h3 is 
smaller. At a vehicle velocity of 120 m/s, for the given set o f parameter values, the levitation force 
decreases with conductivity but still increases with permeability. On the other hand, the drag force 
(-fy) increases with conductivity but decreases with permeability.

Figure 13 shows the forces as functions of reaction rail thickness for two vehicle velocities. 
It indicates that increasing the thickness beyond 0.02 m does not improve the force performance 
very much. Of course, this number (of 0.02m) may change somewhat when other sets of 
parameter values are used. Figure 14 shows the dependences on the gap width (h3) between the 
magnet and the reaction rail. As expected, all the forces ( - fy and fz) decrease with increasing h3.

Similar to subsection 3.1, the results presented here are not extensive and are obtained by 

imposing the x-independent approximation. However, the results provide some data regarding the 
requirement on magnet strength. The figures show that with a reaction rail with 106 S/m 

conductivity (or lower), 500 jio permeability (or higher) and a 0.02 m thickness, a levitation force 
o f more than 80 kilo-newton can be achieved with a magnet pole 0.5 m long, 1 m wide, 0.02m 
above the rail, with 1 tesla flux density. Such a flux density is easily obtainable using present 
magnet technologies.
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Figure 10. Attractive forces (fz) and drag forces (-fy ) as functions of the velocity (v) in an EMS levitation design alternative
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in an EMS levitation design alternative using magnets with 1 tesla/lfo uniform magnetization, when H a m 500, o  -
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4.0 SOME CONSIDERATIONS OF MAGNETIC FIELD SHIELDING SCHEMES

There are two shielding schemes, namely, active and passive shielding. In some 
situations, it may be desirable to combine both schemes. To analyze a passive shielding problem, 
as described in Section 2.0, one places the source at the interface of layers 3 and 4, has layer 2 as 
the shielding material and calculates the fields in layer 1. To analyze an active shielding problem, 
one places the sources at both the interfaces of layers 2,3 and layers 3,4, takes layer 2 to be free 
space, and calculates the magnetic fields in either layer 1 or layer 4. To analyze a combined 
passive and active shielding problem, superposition of the model depicted in Figure 1 is needed. 
That is to say, one needs to use the model twice and sum the results. For the two times that the 
model is applied, the sources will have different heights from the interface of layers 2 and 3, and 
the field locations of interest will be inside layer 1, while layer 2 will be taken to have high 
permeability. Obviously, such a model will not be able to give a correct result when layer 2 has a 
nonlinear permeability. However, for shielding purposes, one definitely would select a layer 2 
material so that under most operating field levels its permeability remains linear and has a high 
value. Even under a situation that the layer 2 material is driven into the nonlinear domain, such a 
linear model will also provide a means to estimate the upperbound of the penetrated stray magnetic 
fields. The active shielding loop should be placed between the magnetic field source and the 
passive shielding layer. This is because it can also serve the purpose of reducing the magnetic field 
intensities at the shielding layer so that the shielding material has a higher possibility of operating in 
the linear high permeability domain.

The purpose of this analysis is to demonstrate how the passive and/or active shielding 
schemes can reduce the magnetic fields to lower levels inside regions of concern. However, at this 
moment, since there is no clear-cut standard on the tolerable levels, the analysis will only study the 
magnetic-field reduction factors as functions of various parameters used to define the shielding 
schemes. For simplifying the analyses, the results presented will not be extensive and will be only 
for sources without the x-dependence, although the computer codes allow for the calculations of 
cases with x-dependent sources.

Figures 15-17 show how the stray magnetic fields are reduced when the thickness and the 
permeability of the passive shielding layer increase (see Figure 18 for the definitions of various 
parameters). Figure 19 shows how the strength and location of the active-shielding current afreets 
the magnetic fields. Figure 20 indicates how the magnetic fields vary with location. A comparison 
o f Figures 15,16 and 17 also shows some effects due to the locations of the active-shielding 
currents. It is also noted that for code verification purpose, one can compare the numerical results
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Figure 19. Stray magnetic fields as functions o f the strength and location o f the active shielding current, when the source 
current I has h3_l -  0.4 m and b3_l -  lm , the active shielding current has b3_2 ■ 0.25 m, and the passive 
shielding layer has pr -  100, h2 -  0.02 m.
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Figure 20. Stray magnetic fields as functions o f locations, when the source current I has h3_l *  0.4 m, b3_l ■ 1 m, the active 
shieldilng current (-0.21) has h3_2 *  0.1 m, b3_2 ** 0.25 m, and the passive shielding layer hash2 ■ 0.02 m.



obtained from the complicated codes with analytical formulations for some special cases that 
formulations are possible. For example, when h2 = 0, curr_2 = 0, the field at (0 ,0 , -1.5m) is 
given as

H / I = ( b 3 _ l > 2 tc (¥ ) ' + (h3_l + 0 .5 r
- 1

►

which agrees with the numerical results shown in the figures. More systematic runs are required to 
determine the suitable parameters o f the passive shielding layer and/or active shielding currents, 
once the standards on the tolerable stray magnetic fields are established.

The results in Figures 15-17 and 19-20 are given in a normalized unit. Once the strength of 
the current source is known, the stray magnetic fields can be easily obtained. For example, take 
"tsOOm" o f Figure 15. The curve is obtained for an active shielding current o f -0.21, with b3_2 =
0.25m , h3_2 = 0.1m, shift_2 = 0, and a passive shielding layer with Pr = 100, when the current 
source I has b3_l = 1 m and h3_l = 0.4 m, and the field point is at y = 0, z = -0.5 m. From the 

curve, if I = 105 Amp-turns, then the stray magnetic field is

B = m>H -  0.128 xlO5 x 4 k  x 10*7 x 10* «  160 gauss, when h2 = 0 (i.e., no passive 
shielding),

and is equal to

B = jiqH « 0.0383 xlO5 x 4tc x  10*7 x  10* « 48 gauss, when h2 = 4 cm.

That is, a reduction factor o f about 3 is achieved by a 4 cm thick layer with 100 Ho permeability. 
The reduction factor will be larger if the permeability is higher than 100 p<j. If the permeability is 
200 Po, then, from "ts02m" of Figure 15, a thickness of only 2 cm can achieve the same 
(reduction by a factor of 3) shielding effectiveness.
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5.0 USER’S MANUAL

Although the mathematical formulation to derive formulas for calculating the 
propulsion/levitation forces in MAGLEV subsystems and for quantifying shielding performances 
are very similar, two different sets o f computer codes were developed for easier use. These two 
sets w ill be described separately. All the source and executable codes can be put into a floppy disk 
(Table 1). The codes are written in Standard FORTRAN-77, which runs on an IBM PC or its 
compatibles with 640 kilobytes o f RAM. The MS-DOS 4.0 operating system is used with the 
Microsoft FORTRAN Optimizing Compiler, Version 5.0. MKS units are used for implementation 

o f the codes.

5.1 COMPUTER CODES FOR CALCULATING PROPULSION/LEVITATION FORCES

The source codes for calculating the forces are given as "*7. for” in Table 1 while the 
executable program is "maglev7.exe." A listing o f the source codes is given as Figure 21 for the 
main program (maglev7.for), and as Figures 22 - 24 for the subroutines. A brief description o f the 

source codes is given below:

field7.for.

source7.for:

mlcom7.for.

maglev7.for

for calculating the fields in the transformed domain (co, k) at locations of 
interest by implementing most o f the equations in Section 2.0 before Eq. 14

for implementing the source equations of Eqs. 16-18

for setting up all the common variables

the main program for calculating the forces by carrying out the necessary 

integrals

The user must begin the program by selecting the drive containing the software, e.g., C:, 
in the example shown in Figures 25-27. At the prompt the user must enter the executable program 
name, for motor analysis the name is "maglev7" and, later in subsection 5.2, for shielding analysis 
"shield6". The programs are interactive menu-driven and will prompt the user for input 
parameters. The first input requested is the output file prefix. This should be entered as a 1 to 8 
character name. The computer will store data generated by the program in files  with that prefix and 
suffixes that indicate the quantity calculated. For example, if the program is to calculate force and 
the user assign the prefix "t5n", and then force in the x direction would be stored in file "t5n.fx", 
force in the y direction would be stored in file "t5n.fy", and force in the z direction would be stored
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Table 1. List o f the source and executable codes in the floppy disk.

C t \ > d i r  a :

V o l u m e  I n  d r i v e  A  h a s  n o  l a b e l  
V o l u m e  S e r i a l  N u m b e r  l a  1 7 6 A - 1 B 0 0  

D i r e c t o r y  o f  A t \

S H I B L D 6 E X E 7 4 7 5 2 0 5 - 2 7 - 9 2 3  x 1 3 p

N A O L E V 7 E X E 7 2 6 8 8 0 6 - 0 4 - 9 2 l i t  1 7 a

S O O R C E 6 F O R 5 4 2 1 2 - 2 0 - 9 1 2 t 5 4 p

SHCOM6 F O R 8 1 2 0 1 - 2 9 - 9 2 2 : 3 1 a

F I E L D  6 F O R 4 3 8 6 0 2 - 2 6 - 9 2 1 0 : 5 7 a

SWAPS F O R 4 7 7 1 2 - 2 0 - 9 1 2 t 5 6 p
S H I E L D 6 F O R 1 7 5 5 6 0 5 - 2 7 - 9 2 3  t 0 8 p

M A O L E V 7 F O R 1 8 1 8 1 0 6 - 0 4 - 9 2 1 1 : 1 6 a
S O U R C E 7 F O R 1 2 3 9 0 3 - 2 5 - 9 2 8 t 3 9 a
M LC O H 7 F O R 6 7 5 0 3 - 2 5 - 9 2 8 : 3 9 a

F I E L D 7 F O R 4 1 4 0 0 3 - 2 5 - 9 2 8 : 3 9 a

R E S 1 9 1 1 2 0 7 - 2 1 - 9 2 1 2 : 3 0 p
R E S  6 1 2 2 0 7 - 2 1 - 9 2 1 2 : 3 0 p
R E S 4 6 1 0 3 0 7 - 2 1 - 9 2 1 2  t 3 0 p
R E S 5 N 9 0 0 6 - 0 4 - 9 2 1 1 t 5 4 a

15 F i l e ( a )  157696 bytea  f r e e



e
p ro g ram  m a g la v
t o r  f o u r i a r  t r a n * f o r m  I n  b o t h  x  a n d  y  d i r a c t i o n a  
i n c l u d a  ' m l c o m l . t o r '

i n t a g a r * 2  
c h a r a c t a r * l  
c h a r a c t e r * 14 
r a a l * t  
r a a l * t  
r a a l * t  
r a a l * 8  
comp l a x * 16  
comp l a x * 16

c a a a m ,n h ,n h 3  , n , k , l o o p v a r , n c , k c , d n , d k
l a o l , i a o i , i a o 2 u , l a o 2 a
nama

ur l , u r 4 , u r 2 , a x y x , t r a q
t x , t y , t * , k y , d k y , e r r o r , t c t r
l v m i n , l v m a x , d l v , l v , p i , t e t n h
u r l x , u r l y ,  u r l  x ,  u r 2 x  , u r 2 y  , u r 2  x , u r 4 x ,  u r 4 y ,  u r4  *  
B x l , H x 2 , B y l , H y 2 , H x l , H x 2 , t a r m x , t a r m y ,  t a r m x  
F x i n t g  , F y i n t g  , F x i n t g  ,Fxau m ,F yau m ,F xau m

c  c a l l  c l r j a c r
k y o 3 ~ 0 . 
b 3 * 0 .  
a 3 m0 .  
b 2 - 0 .  
a a 2 * 0 .
v r l t a ( 6 , 1 0 2 0 )  
r a a d ( 3 , ’ ( a ) ’ )nam a  

c  v r i t a ( 6 , 1 0 3 0 )
c  r a a d ( 5 , * )  a r r o r
c  v r i t a ( 6 , 1 0 4 0 )
c  r a a d ( 5 , * J  d k x , d ky

• r r o r - 2 .O a -6

v r i t a ( 6 , 1 0 1 1 )  
r a a d ( 5 , ' ( a ) ' )  im o l  
i t  ( l a o l . a g . ’y ‘ )  th a n  

v r i t a ( 6 , 1 1 0 1 )  
r a a d ( 3 , * )  u r l  
u l x ~ u r l * u o * l .0 0 0 0 0 1  
u i j n u r l ' u o  
u l * - u r  J * u o * 0 .9 9 9 9 9 9  

a l a a
v r i t a ( 6 , 1 1 0 0 )  
r a a d ( 3 , * J  u r l x , u r l y , u r l a  
u l x ~ u r l x * u o * l .0 0 0 0 0 1  
u l y u r l y * v o  
u l x ~ u r l x * u o * 0 .9 9 9 9 9 9  

and i t
v r i t a ( 6 , 1 0 1 2 )  
r a a d ( 5 , ' ( a ) ' )  i » o 4  
i t  ( l a o 4 . a q . ' y ‘ )  th a n  

v r i t a ( 6 , 1 1 6 1 )  
r a a d ( 5 , * )  u r4  
u 4 x * u r 4 * u o * 0 . 9 9 9 9 9 9  
u 4 y ~ u r 4 * u o * l .0 0 0 0 0 1  
u 4x mu r 4 * u o  

a l a a
v r i t a ( 6 , 1 1 6 0 )  
r a a d ( S , * )  u r 4 x , u r 4 y , u r 4 x  
u 4 x ~ u r 4 x * u o * 0 .9 9 9 9 9 9  
u 4 y ~ u r 4 y * u o * l .0 0 0 0 0 1  
u 4xmu r 4 x * u o  

and i t
w r l t a ( 6 , 1 0 1 3 )  
r a a d ( 5 , ' ( a ) ' )  l a o 2 *

Figure 21. List of the main program "maglev7.for."
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v r l t a ( 4 , 1 0 1 4 )  
r a a d ( 3 , • ( m ) ' )  i a o 2 u

m r i t a ( 6 , 1 1 7 0 )  
r a a d ( 3 , » )  c a a a lp  
m r i t a ( ( , 1 1 8 0 )  
r a a d ( 5 , * )  caaa

c  a o u r c a  a l v a y a  a x l a t a  ac  r - h 2 * h 3  
e  v r i t a ( 6 , 1 2 0 0 )
e  r a a d ( S , ' ( a ) ' )  c a a a 3

c a a a 3 ~ ' y ' 
m r i t a ( 6 , 1 2 0 5 )  
r a a d ( 5 , * )  103

c  i f  ( c a a a 3 . a q . ' y ‘ )  th a n
v r i t a ( 6 , 1 2 1 0 )  
r a a d ( 5 , * )  caaam  
p l * 0 .

c  i f  ( c a a a m .a q .2 )  th a n
c  v r i t a ( 6 , 1 2 1 5 )
c  r a a d ( S , * )  p i
c  a n d i f

i t  ( c a a a l p . a q . 3 )  th a n  
30 v r i t a ( 6 , 2 0 2 0 )

r a a d ( 5 , * )  l o o p v a r
i f  ( l o o p v a r . l a . 0 . o r .  l o o p v a r . g t . 6 )  than  

v r i t a ( 6 , 2 0 0 5 )  
g o to  30  

and  i f
c  r a a d j u a t  l o o p v a r  n u a b a r  t o  m atch  o t h a r  c a a a l p  caaaa  

i f  ( l o o p v a r . a q . l )  th a n  
lo o p v a r -1 o o p v a r + 1  

a l a a
l o o p v a r ^ lo o p v a r * .3 

a n d  i f
a l a a  i f  ( c a a a l p . a q . 2 )  th a n  

10 v r i t a ( S , 2 0 0 0 )
r a a d ( 5 , • )  l o o p v a r
i f  ( l o o p v a r . l a . 0 . o r .  l o o p v a r . g t . 7 )  than  

w r i t a ( 6 , 2 0 0 3 )  
g o to  10 

and i f  
a l a a

2 0  v r i t a ( S , 2 0 1 0 )
r a a d ( 5 , * )  l o o p v a r
i f  ( l o o p v a r . l a . O  . o r .  l o o p v a r . g t . 6 )  than  

w r i t a ( 6 , 2 0 0 S )  
g o to  20  

a n d i f  
a n d i t

c  a n d i f
v r i t a ( 6 , 2 0 3 0 )
r a a d ( 5 , * )  l v m i n , l v m a x , d l v

i t  ( l o o p v a r . a q . l )  th a n  
w r i t a ( 6 , 1 0 6 1 )  
r a a d ( S , * )  f r a q  
i f  ( i a o 2 a . a q . ' y ' )  than  

v r i t a ( 6 , 1 0 8 1 )  
r a a d ( 3 , * )  a x y a

Figure 21. (Continued).
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mlmm
v r i t m ( 6 , 1 0 8 0 )  
rm m d (3 ,»J  mm,my,mm 

0,n d i i
i t  ( i m o 2 o . m q . ' y ' J  thmn  

v r i t m ( 6 , 1 1 2 1 )  
r 0 * d ( 3 , • )  ur 2  

• I n
w r i t m ( 6 , 1 1 2 0 )  
r m * d ( 3 , * )  u r 2 m , u r 2 y , u r 2 m  

m n d it
v r i t m ( 6 , 2 2 0 0 )  
rm m d (3 ,» )  h j , v  

0 l t 0  i t  ( l o o p v m r . m q . 2 )  thmn  
v r i t m ( 6 , 1 0 6 2 )  
rm m d (3 ,*J  h2  
i t  ( i a o t m . m q . ' y ’ J thmn  

v r i t m ( 6 , 1 0 8 1 )  
rm m d (3 , * J  mxym 

0I 00
v r i t m ( 6 , 1 0 8 0 )  
rm m d (3 , * J  mm,my,ms 

m n d it
i t  ( im o 2 u .m q .  ' y ' J  thmn  

v r i t m ( 6 , 1 1 2 1 )  
r m * d ( 5 , » )  u r2  

mlmm
v r i t m ( 6 , l l 2 0 )  
r m m d (5 , * J  u r 2 m , u r 2 y , u r 2 m  

m n d it
v r i t m ( 6 , 2 2 0 0 )  
rmmd(S, * )  h J  , v  

mlmm i t  ( l o o p v m r .m q .3 )  thmn  
v r i t m ( 6 , 1 0 6 0 )  
rm m d (3 ,*J  h 2 , t rm q  
i t  ( i m o 2 u . m q . ' y ' J  thmn  

w r i t m ( 6 , H 2 1 )  
rm m d (5 , * J  u r2  

mlmm
w r i t m ( 6 , U 2 0 )  
r m t d ( 5 , • )  u r 2 m , u r 2 y , u r 2 t  

m n d it
v r i t m ( 6 , 2 2 0 0 )  
r m m d ( 3 , * )  h J , v  

mlmm i t  ( lo o p v m r .m q .4 J  thmn  
v r i t m ( 6 , 1 0 6 0 )  
rm m d (3 ,» )  h 2 , t rm q  
i t  ( i m o 2 m . m q . ' y ' j  thmn  

w r i t m ( 6 , l 0 8 1 )  
r m m d (3 ,» )  mxym 

mlmm
» r i t m ( 6 , 1 0 8 0 )  
r m m d (3 ,» )  mm,my,mm 

m n d it
w r i t m ( 6 , 2 2 0 0 )  
r m m d ( 5 , * )  h 3 , v  

mlmm i t  ( l o o p v m r .m q .3 )  thmn 
v r i t m ( 6 , 1 0 6 0 )  
r m m d (S , * )  h 2 , t rm q  
i t  ( im o 2 m .m q . ‘y ’ j  thmn

Figure 21. (Continued).
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• r i t a ( 4 , 1 0 6 1 ) 
r a a d f S , * )  a x y t  

• l a *
v r i f ( 4 , 1 0 I O )  
r a a d ( S , * )  a x , a y , a t  

• n d i t
i t  ( i a o l u . a q . ' y ' )  t h a n  

w r i t a ( 4 , U 2 1 )  
r a a d ( 3 , » )  u r2  

• l a a
v r i t a ( 6 , 1 1 2 0 )  
r a a d ( 3 , • )  u r 2 x , t i r 2 y , u r 2 t  

• n d i t
w r i t * ( 6 , 2 2 0 1 )  
r a a d ( 5 , * )  v

• l a *  i t  ( l o o p v a r . « q . 4 )  th a n  
v c i f ( 6 , 1 0 6 0 )  
r a a d ( 3 , » )  h 2 , t r » q  
i t  ( i a o 2 a . » q . ' y ' )  th a n  

• r i t a ( S , 1 0 8 1 )  
r a a d ( 5 , » )  a x y a  

• l a a
v r i t a ( 6 , 1 0 8 0 )  
r * a d ( 5 , a )  a x , a y , a *

• n d i t
i t  ( i a o 2 u . a q . ’ y ' )  t h a n  

v r i t a ( 6 , 1 1 2 1 )  
r a n d ( 5 , * )  u r 2  

a l a a
v r i t a ( 6 , 1 1 2 0 )  
r a a d ( 3 , • )  v r 2 x , u r 2 y , u r 2 t  

a n d i t
v r i t a ( 6 , 2 2 0 2 )  
r a a d ( 3 , * )  h3

a l a a  i t  ( l o o p v a r . a q . T )  th a n  
v r i t a ( 6 , 1 0 6 0 )  
r a a d ( 3 , * )  h 2 , f r a q  
i t  ( i a o 2 a . a q . ' y ' )  th a n  

w r i t a ( 6 , 1 0 6 1 ) 
r a a d ( 3 , * )  a x y a  

• l a a
w r i t a ( 6 , 1 0 6 0 )  
r a a d ( S , » )  a x , a y , a t  

a n d i t
i t  ( i a o 2 n . a q . ' y ’ )  th a n  

v r i t « ( 6 , 1 1 2 1 )  
m a d  ( 3 , * )  u r2  

a l a a
w r i t a ( 6 , 1 1 2 0 )  
r a a d ( S , * )  u r 2 x , u r 2 y , u r 2 a  

a n d i t
w r i t a ( 6 , 2 2 0 0 )  
r a a d ( 5 , * )  h 3 , v

a l a a  i t  ( l o o p v a r . a q . 6  . o r .  l o o p v a r . a q . 9 )  th a n  
v r i t a ( 6 , l 0 6 0 )  
r a a d ( S , * )  h 2 , t r a q  
i t  ( i a o 2 a . a q . ' y ' )  th a n  

• r i t a ( 6 , 1 0 6 1 )  
r a a d ( S , * )  a x y a  

a l a a

Figure 21. (Continued).
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w r i f ( 6 , 1 0 9 0 )  
r * * d ( 5 , ‘ ) MM ,  My ,  99  

M n d i t
i t  ( i a o 2 u . M q . ' y ' )  th a n  

v r i t M f t , 1 1 2 1 )  
r m i d ( 5 , * )  u r 2  

Ml MM
v r i f  ( 6 , 1 1 2 0 )  
rM M d(S , * )  u r 2 x , u r 2 y , u r 2 x  

• n d i t
w r i t M ( 6 , 2 2 0 0 )  
rM M d(S , • )  h J , r  

• n d i t

i t  ( l o o p v M r .n M . 3 )  thMfl 
i t  ( iM o 2 a .M q .  ' y ' )  th « /i  

M x-M xyt
a y  M M y 9 *0 .9 9 9 9 9 9  
M9mMxy9 * 1 . 0 0 0 0 0 1  

M n d i t  
• n d i t

i t  ( lo o p v M x .n M .4 )  th a n  
i t  ( i a o l u . M q . ' y ' )  th a n  

u 2 x * u r 2 * u o  
u 2 y u r 2 * u o * 0 .9 9 9 9 9 9  
u 2 9 mu r 2 mu o * 1 .0 0 0 0 0 1  

Ml MM
u 2 x * u r 2 x ‘ uo 
u 2 y u r 2 y * u o m0 .9 9 9 9 9 9  
u 2 9 ~ u r 2 j * u o * 1 .0 0 0 0 0 1  

M n d i t  
M n d i t

i t  ( cmmm3 . a q .  §y ' )  thMn  
i t  (CMMM.Mq.1 )  th x n  

v r i f  (6,1220)  
r o a d ( 3 , * )  bJ

Ml MM i t  ( C M M M .g t . l ) thMn  
w r i t a ( 9 , 1 2 4 0 )  
r o a d ( 3 , • )  b 3 t a 3 , a x 3  

• n d i t
i t  ( l o o p v M r . n M . 7) th a n  

i t  (C M M M lp .g M .2 ) thmn 
w r i t a ( $ , 1 2 3 0 )  
r a a d ( 3 , • )  kyo3  

M n d i t  
M n d i t  

M n d i t

w r i t a ( 6 , 1 2 9 0 )  
r a a d ( 3 , 0( a )  0)  cmmm2  
i t  ( c a a a 2 . a q . , y t )  th a n  

w r i t a ( 6 , 1 2 6 3 )  
r a a d ( 3 , • )  102  
i t  ( l o o p v M r . n M . 9 )  th a n  

»t r i t a ( 9 , 1 2 9 0 )  
r a a d ( 3 , • )  M h i t t  

• n d i t
i t  (CMMM.Mq.1 )  thMn

Figure 21. (Continued).
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i t  ( lo o p va r .n a .9 ) than 
v r i t a ( 6 ,1300) 
raa d (3 ,* ) b2 

a n d it
a1mm i t  (c a a a .g t. 1) titan 

i t  ( lo o p v a r .n a .9) than 
w rita (6 ,1320) 
ra a d (S ,» ) b2,aa2,ax2  

alma
vr ita (6 ,1 3 2 1 )  
raad(S ,* ) aa2,ax2  

and i t  
and i t  

a n d it

v r i t a ( 6 ,2300)
opan(u n it -1  1 ,ti la ~ n a a a / / '  . T x s t a t u s -  ‘unknown')  
o p a n (u n i t* l2 ,t i la -n a a a / / ' .F y ' , s t a t u s - ’unknown•) 
opan(u n it - 1 3 ,ti la * n a a a // . ' .Fa ’ ,a ta tu s -  ’unknown')

do 140 lv* lv m in ,lv w a x ,d lv  
i t  ( lo o p va r .a q .1 ) than 

h2~lv
alaa i t  ( lo o p va r .a q .2) than 

traqw lv
alaa i t  ( lo o p va r .a q .3) than 

a x * lv * l.000001 
s y - i v M .000002 
a t* lv * 0 .999999 

alaa i t  ( lo o p v a r .a q .4) than 
ur2x~lv
ur2ymlv * 0 .999999 
u r 2 a - lV  1.000001 
u2xmur2x*uo 
u2y~ur2y*uo 
u2zmur2a*uo

alaa i t  ( lo o p v a r .a q .5) than 
h3*lv

alaa i t  ( lo o p v a r .a q .6) than 
v - I v

alaa i t  (lo o p v a r .a q .7) than 
JkyoJ-lv

alaa i t  ( lo o p v a r .a q .8) than 
a h i t t* lv

alaa i t  ( lo o p v a r .a q .9) than 
b2~lv  

a n d it

v"2 .0*p i* traq  
i f  (w .aq.O .) than  

v - 1 .a-6  
a n d it
i t  (v .a q .O .) than  

v ~ l . a-6 
a n d it
i t  (h2 .aq .O .) than 

h 2 * l.a -6  
a n d it
i t  (a x .a q .O .) than 

* j r - l .00000la -6

Figure 21. (Continued).
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a n d if
i t  (a y .a g .O .) titan  

a yO  .999999a-t 
and i t
i t  (aa .ag .O .) than  

( ( ■ l .
and i f

dkyO .O S/b3
i t  ( ( c a a a 2 .a q . 'y ') .and . ( b l .g t .b 3 ) )  than 

d k y 0 . 0 3 / h 2  
a n d if  
dkx^O.OS
i t  (caaa .ag .2 ) than  

dkx~0.03/a3
i t  ( (caaa2.aq. ' y ' )  .and. (a a 2 .g t.a 3 ))  than 

dkx-0 .0S/aa2  
a n d if  

a n d if

i t  (caaan.aq.2) than  
p l m10. 0*b3
i t  ((ea a a .a q .2 ) .and . (b 3 .g t.a 3 ))  than

a n d if
a n d if

c
60

2
2
2
2

nc« -J  
Fxaua~0.
Fyaua-0.
Faaum~0.
chack to r  convarganca in  n
i t  ( ( (cdaba(Fyintg) .gt.arror*cdaba(Fyaum )) .and. 

(cdaba(Faintg) .gt.arror*cdaba(Faaum )) ) .o r .
( n c .a q .- l ) .o r .
( (c a a a .n a .l) .and . (a b a (n c* d kx* a 3 ).lt.7 0 .) .and.
(a b a (n c* d kx * a a 2 ).it.7 0 .) ) )  than
nc-ne+1
i t  (ne.ag.O ) than  

dnml 
alaa

dnm2*nc 
and i t
do 180 nm-n c ,n c ,d n  

kc~-l 
F xintg*0.
F yin tg*0.
Faintg*0.
chack fo r  convarganca in  ky
i t  (((cdaba(ta rm y).g t.a rro r* cd a b a (F y in tg )) .and. 

(cdaba(tarma) .g t.a rror*cdaba(F ain tg ))) .o r .  
( k c .a q . - l ) .o r .

( (caaa lp .na . 3) .and . ( (aba(kc*dky-kyo3)*b3) . i t .  70.) 
( a b a ( k c * d k y b 2 ) . l t .7 0 .) ) )  than 
kc~kc+l
i t  (kc .ag .O ) than 

dkml 
alaa

dk-2*kc
a n d if

Figure 21. (Continued).
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300

240

180

t « n o N ) .  
torny^O . 
toemx^O.
do 240 k~ -kc ,kc ,d k  

I t  (k.no.O ) thon 
ky*k*dky 

• l M
ky“lo-6

o n d if
i t  (caaolp .oq .3) thon 

*/ -v / v  
d ky-1 . 

o.ndit 
B xlm0 .
8 y lm0.
BalmO.
n h 3 -in t(p l/h 3 )+ l 
i f (n h 3 .o q . l )  thon 

f c tn h * l .
OlOO

fc tnh*h3 /p l
o n d if
do 300 a h - I , nh3 

h3p-h3*(nh-l)*h3  
c a ll  f io ld ( n ,k y )
i f ( n h 3 .g t . l  .and. nh.oq.nh3) thon 

fc tn h -1 ,~ h 3 * (n h -l) /p l  
o n d if
Bxl -Bx* fctnh/uo+Bxl 
Byl-By* fctnh/uo+Byl 
Bxl•Bs*fctnh/uo*Bxl 

continuo

Bx2~dconjg (B x l)
By2*dconjg(Byl)
Bx2~dconjg{Bal)

torax^tonzx+Bxl*Bs2 
tormy*toriay+Byl *Bz2 
to r a z - t  omz+Bzl •Bs2-Bxl •Hx2-Byl *By2 

continuo
Fxintg-Fxintg+torazx 
Fyintg*Fyintg+torny  
Faintg~Fxintg+torax 
i f  (caaolp .oq .3) thon 

torwx~Q. 
t  ormyO. 
tormz~0. 

o n d if  
goto  60 

o n d if
Fxaum*Fxaua+Fxintg
Fyawm*Fyaua+Fyintg
Fxaua-Fxawx+Fxintg

con tinuo
i f  (c a a o .o q .l)  thon 

d k x * l. / (2  .*p i)
Fxintg~0.
Fyintg~0.
Fxintg^O .

Figure 21. (Continued).
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o n d it  
goto SO 

o n d it
i t  ( c a a e lp .e q .l)  than 

i t  (ca a em .eq .l) then  
i c t r - 2 .

•2m  i t  (eM M . i f . 2 J  thon 
f c t r * 2 . • ( (p l/u o )* * 2 .)  

o n d it
elmo i t  (c a a o lp .o q .2 ) thon  

f c t r - l . / ( b 3 * * 2 . )  
e la e  i t  (c a a e lp .e q .3 ) thon 

f c t r - 1 . /b3  
o n d it
/ * • .5*droal(uo*Txaux*dky*dkx)*tctr  
P y-.5*d ro o l(uo*fyaun*dky*dkx)* tctr  
/ m  .2 5 * d rea l(u o * fta u a * d ky 'd kx )* tc tr

e opon ou tpu t t i l o a
e  o p o n (u n i t - l l , t i lo -n a a * ,a ta tu a * •unknown' )

w r ite (11,1400) lv ,P x  
w r ite (12,1400) lv ,P y  
w rite (13 ,1400) lv ,P a  

c  w rite (6 ,1 4 2 0 ) k c ,n c
140 continuo  

c lo a o ( l l)  
cloao(12) 
c lo a o (l3 )

c  a u t t ( l ) - '  J t x ’
c do 25 i l - 1 ,3
e  tn a m e-n a m e//a u tt( il)
e  u tn a m e (il) - il* 1 0
e  open( unit-u fnam e ( i l ) , t i le -fn a m e ,a ta tu a - 'u n k n o w n ' )
c w r ito (u tn a m e (il) ,4000) p ta
c25 continuo

c format a ta toaon ta  t

1000 form atf
1  ............ .................... .......................................................................,
2 / lS x , '•
3/15x, '•  PROGMH l HAOLEV
4 / l S x , ’*
5/25 *, •)

1010 fo rm a t( /5 x ,'T h ia  program ca lcu la to a  r x , f y , f t ' )
1011 t o n a t ( / 3 x ,  ' la  la y  or l  ia o tro p ic T  (y ,n )  i ' ,$ )
1012 to r m a t( /S x ,‘la  la y o r  4 ia o tro p icT  (y ,n )  t ' ,$ )
1013 to r a a t ( /S x , ,Za la yo r  2 c o n d u c tiv ity  ia o tro p icT  (y ,n ) i ’ ,5 )
1014 fo r m a t( /3 x , 'la  la y o r  2 p e rm e a b ility  ia o tro p icT  (y ,n ) t ' ,$ )
1020 to r m a tf/3 x ,'E n te r  ou tput t i l e  name p r e f i x » ' ,$ )
1030 fo r m a tf/3 x ,'E n te r  error to le ra n ce  (O - l) t  ‘ ,$ )
1040 to r m a t( /3 x ,'E n te r  d k x ,d k y »  ' ,$ )
1060 to rm a t( /5 x ,'E n te r  r a i l  th ickneaa— h2 in  m ,treq  t ' ,$ )
1061 io rm a t( /5 x ,'E n te r  fr e q  t ' ,$ )
1062 to r m a t( /3 x ,'E n te r  r a i l  th ickneaa— K2 in  mt ’ ,$ )

c 1063 to r m a t( /5 x ,'E n te r  2“lo op  h3, 2—loop v , 3-no loop : ' ,$ )  
c 1066 to r m a t( /S x ,'E n te r  h3min, h3max, dh3 > ' ,$ )

1069 fo rm a t( /5 x ,'E n te r  gap— h3 in  a t  ' ,$ )  
c 1072 fo rm a t( /3 x ,'E n te r  vmin, vmax, dv » ' ,$ )

Figure 21. (Continued).

50



1075 f o r » a t ( /5 x , ' t n ta r  v e lo c i ty — v i n  m/at ' ,$ )
1080 fo rm a t(/3 x , ' tn ta r  aniao. c o n d u c tiv ity — ax,m y,as in  a/mt • ,$ )
1081 to r a a t( /3 x ,  ' tn ta r  ia o . c o n d u c tiv ity — mays i n  S/m t ' ,$ )
1100 to r m a t( /3 x ,‘Bntar la ya r l aniao.ral.parm m a.— u r lx ,u r ly ,u r l s  i ' ,$ )
1101 fo rm a t(/S x , ' t n ta r  la ya r l ia o .ra l.p a rm a * .— uel t ' ,$ )
1120 fo rm a t( /S x , ’tn ta r  la y e r !  an iao .ra l.parm aa .— ur2x,ur2y,ur2s t ' ,S )
1121 fo r m a t( /S x ,‘tn ta r  la y e r !  iaO .ra l.parm a*.— ur2 t ' ,$ )
1160 fo rm a t(/5 x , ' tn ta r  la y a r i a n iao .ra l.parm aa .— ur4x,ur4y,ur4s t ' ,$ )
1161 fo r m a t ( /S x , 'tn ta r  layar4 ia o .ra l.p a rm a * .— u ri t ' ,$ )
1170 to rm a tf/5 x , ' tn ta r  which caaa, 1 - la v i ta t io n ,  2-LIM, 3-LSK i ' ,$ )  
1180 fo r m a t( /5 x , 'tn ta r  which caaa, 1-no x  dapandanca,2-D, '

2 '2 -w ith  x  dapandanca,3-0t ' ,$ )
1200 fo rm a t( /S x , 'Does aourca a x ia t  a t  x-h2*h3 (y ,n ) t ’,$)
1205 fo r m * t( /5 x , 'tn ta r  amp-turna to r  lo o p ,ta a la  fo r  magnat,at x-h2*h3-

2103 f . $ )
1210 fo r m a t( /5 x , 'la  i t  a magnaiT 1 -loop , 2-magnat 

c  1215 fo r m a t ( /S x , 'tn ta r  po la  la n g th ,p l t ' ,$ )
i  ’ , $ )

1220
1240
1250

1280
1300
1320
1321 
1400

2
2
2
2
2
2
2
2

/S x ,
/S x ,
/S x ,
/S x ,
/S x ,
/S x ,

to rm a t(/S x , ' tn ta r  aourca len g th — b3 in  mi ' ,$ )
format ( /5 x ,  ' tn ta r  loop la n g ., width,adga lo c — b3,*3,*x3 in  mt ' ,$ )  
fo rm a t(/S x , ‘tn ta r  kyo3 in  l/m ,n o ta  w/ky03-phaaa v a lo c i l ty i  ' ,$ )  

1260 fo rm a t( /5 x , 'Doaa aourca a x ia t  a t s-h2 (y ,n ) ,n o  fo r  L i t  i ’ ,$ )
1265 fo rm * t( /5 x , ' tn ta r  amp-turna a t s-h2— 102 t ' ,$ )

form at( /5 x ,  ' tn ta r  lo n g .a h if to ts o u r . a t s-h2  to  z-h2+h3 in  mi ' ,$ )  
format ( /5 x ,  ‘tn ta r  aourca lang th  a t s-h2— b2 in  mi ',$ )  
fo r m * t( /5 x ,’tn ta r  loop la n g ., width,adga lo c — b2,*2,*x2 in  mi ' ,$ )  
to rm * t(/S x , ’tn ta r  loop w idth,adga lo c — *2,*x2 in  mi ’ ,6) 
form at(2 (a l2 .3 ))

1420 to rm * t( /3 x , ’k c ~ ’,1 6 , ’nc~‘ , i6 )
2000 fo r m a t( /5 x , 'tn ta r  paramatar to  l o o p i ',

/ S x , ’ i .  r a i l  thicknaaa h 2 ' ,
2 . aourca f r a q ',
3 . r a i l  c o n d u c tiv ity  a x ' ,
4 . r a i l  r a l .p erm ea b ility— u r2 ‘ ,
5 . gap—h 3 ',
6. v e lo c i ty — v ' ,
7. wave number dat .  aourca phase v e lo c ity — kyo3’, 

/ S x , 'S e le c t  ( l , . . , 7 ) i  ' ,$ )
2005 fo r m a t( /5 x ,’Inpu t a rro rt loop parameter i s  OUT o f  ra n g a l',

2 ' P lease t r y  a g a in .')
2010 to r m a t( /5 x , 'tn ta r  paramatar to  lo o p i’,

1. r a i l  thicknaaa— h 2 ‘ ,
2 . aourca f r a q . ' ,
3 . r a i l  c o n d u c tiv ity — a x ',
4 . r a i l  r a l .  p erm ea b ility— ur2’ ,
5 . gap— h 3 ‘ ,
6. v e lo c i ty — V ,

•S e lec t ( l , . . , 6 ) i  ' ,$ )
n tar paramatar to  lo o p i ',

1. aourca fr a q . ' ,
2 . gap—h J ' ,
3 . v e lo c i ty — v ' ,
4 . wave number dat . aourca  phaaa v e lo c i ty — kyo3 ' ,
5 . ra l lo n g itu d in a l loop lo c .o f  2 sources— s h i f t ' ,
6 . loop lang th  o f aourca a t s-h2— b2‘,

•S e lec t ( l , . . , 6 ) t  ' ,$ )
2050 fo r m a t( /5 x , 'tn ta r  min, max and atapaisa  fo r  above s e le c te d ',

2 ' paramatart ’ ,$ )
2200 form at( / 5 x , ' tn ta r  gap— h3 in  m ,v e lo c ity — v in  m/at ',$ )
2201 to r m a t( /5 x , 'tn ta r  v e lo c i ty — v in  m/at ' ,$ )
2202 fo r m a t( /5 x ,’tn ta r  gap— h3 in  mi ' ,$ )
2300 to r m a t( / /5 x , 'P lease w a it, ca lcu la tin g  . . . . • , / )  

and

2 / S x , '
2 / S x , '
2 / S x , '
2 / S x . '
2 / S x , '
2 /S x ,  '
2 /S x ,  '

J form at( / S x , '
2 / S x , '
2 /S x ,  •
2 / S x , '
2 / S x , ’
2 / S x , '
2 / S x , '
2 /S x ,  ',

Figure 21. (Concluded).
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e  t ia ld a  i t  layax 3 i t  x~h2*h3, and. p n p i n i  t o r  o th a r 1 my o r a

aubroutina f ia ld ( n ,k y )  
in c lu d a  'm lcoai7.tor'

e
e

intagar*2
r a a l* t
coop la x * I t  
com plax*lt 
complax*1( 
complax*14 
complax*16 
complax*16 
coaplax*16

a
k x , ky , k t 1 ,k t3 ,k t i  
X ,b ,c ,k x 2 (2 ) ,k x ( 2 ) ,R ( 2 ) ,0 (2 )
S,T ,0 ,V 1,V 2
tamp,111x12) , I l l y (2) , I I l a ( 2 )
11x1(2)
Ix ,ly ,Ia ,r tx ,IV y ,X V a
IIx o (2 )  ,H y o (2 )  ,I I x o ( 2 )  ,11x1 ( 2 ) , I I y l (2),11x1 (2) 
cainh ,ccoah,p

cx in h (p )-.3 * (cd a xp (p )-cd a xp (-p )) 
ccomb(p)m'3*(cdaxp(p)+ cdaxp(-p)) 
l*dcm plx(0 . ,1 . )  
c a l l  *o u rc « fn , *y J

i t  (n.aq.O) than 
kx*la-6  

alaa
kxmn*dkx 

and i t
X~dcmplx(kx*kx/u2y+ky*ky/tt2x, -(w -ky*v)*ax) 
b-dcm plx(-(ax/ax+ u2x/u2x)*kx*kx- (ay/ai+ u2y/u2x ) *ky*ky,

2 (a-ky*v)*(ax*u2y*ay*o2x))
c -  (u2x*u2y*X/ (u2x*ax)) *dcnplx(ax*kx*kx*ay*ky*ky,

2 -(m -ky*v)*xx*ay*u2x)
kx2 (l)~ .S * (-b * cd a q rt(b * b -4 .* c))  
kx2 (2 ) ■ . 5 * (-b -cdaqrt(b*b~ 4 ,*e)) 
k x (l)~ c d a q r t(k x 2 (l))  
k x (2 )•cdaqrt(kx2 (2 ))  
kx3-daqrt(kx*kx+ky*ky)
kxl-daqrZ( (u lx /u lx )* kx* k x* (u ly /o lx )* k y* ky )  
kx4“daqrt((u4x/u4x)*kx*kx*(u4y/u4x)*ky*ky)

Jt( l ) m( u2x*u2y*X*(u2y• ky*ky~o2x* kx2 (l)-i* (v-ky*v)*ax*u2y*u2x) 
2 u2x*u2x*kx*kx*kx2(l) )

X ( l ) - R ( l ) / (  u2y*((kx*ky*i*kx*xx*v*u2x)*(u2x*u2y*X~u2x*kx2(l)) 
2 u2x*kx2(l)* i*kx*v*(u2x*xx-ax*u2x)) )

R (2 )m( u2x*u2y*X* (u2y*ky*ky~u2x*kx2(2)~i* (v-ky*v)*xx*u2y*u2x) 
2 u2x*u2x*kx*kx*kx2(2) )

R (2)~R (2)/( u2y*((kx*ky*i*kx*ax*v*u2x)*(u2x*u2y*X-u2x*kx2(2)) 
2 u2x*kx2(2)*i*kx*r*(u2x*ax-xx*u2x))  )

0(1 ) — kx(l)* (i*u2x*kx*(i*ky-v*o2x*ax)* \i2y*R (l)) /
2 (u2x*u2y*X)

0 (2 )— kx(2)*(i*u2x*kx+(i*ky-v*u2x*ax)*u2y*R(2)) /
2 (u2x*u2y*X)

S— (Q ( l)* ( l.-k y * v /w )+ k x ( l)* v * X (l) /( i* v ))  /
2 (Q (2 )* (l.-ky*v/» )+ kx(2 )*v*R (2 )/(i*w ))

T~( ea inh(kx(l)*h2)*
2 ( i* ky* Q (l)-kx(t)* k(l)+ S * (i* ky* Q (2 )-kx (2 )* X (2 ) ) ) -
2 (u 2 x * kx /(u lx* kx l))* (kx* R (l)-ky )*
2 (ccoah(kx(l)*h2)-ccoah(kx(2)*h2)) )

T*T/( (1 ./S )*ca inh(kx(2)*h2)*
2 (i* ky*Q (l)-kx(l)*k(l)+ S*(i*ky*Q (2)-kx (2 )*R (2 )))+
2 (u2x*kx/(u lx*ka l))* (kx*R {2)-ky)*
2 (ccoab(kx(l)*h2)-ccoah(kx(2)*h2)) )

Figure 22. List of the subroutine "field7.for."
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Um( (T /3 )•cx ln h (kx (2 )* h 2 ) -cm lfth(kx(l)*B 2) ) /
2 ( ccoah(kx(l)*B 2)-eceah(kx(2 )»h2) )

V l- ( i» k x /(W k x 3 ))  • (
2 (kx*R(l )-k y )*  (cco xh (kx (l )»h2)+0*cxlnJ)(kx(l )*h2) )*
2 (kx*R (2)-ky)*(T*ccoxh(kx(2)*B 2)*3*0*cxiak(kx(2)*h2)) )

V 2 -( i* u o * k x /(v* u 2 y ky ))  *  (
2 (k x (l)- l* k x * Q (l) )* (c m in h (k x ( l)* h 2 )W c c o x h (k x (l)* h 2 ))+
2  (kx(2)~i*kx*Q (2))*(T*c»iah(kx(2)*h2)*3*U *ccoxh(kx(2)*h2)) )

f a y  ( (VI+V2)/ (VI-V2 ) ) *dmxp(-2 . »kx3*h3p)
I I I x ( 2  )~(u4x*kx4 »K3+(V1 •X2/(V1-V2) ) •dmxp(~kx3*h3p) •

2 (u4x*kx4-uo»kx3))
2 / (dmxp(kx3*h3p)* ( (u4a/uo)» (ky*kx4/kx)* (l ,-tmap)+
2 (k yk x 3 /k x )» ( l.* tm m p )))

I J x l  (I)-(2 .•X Z Z x(2)*uo*kx*R 2/ky)/(V l-V 2) 
X IZ x ( l)— uo*kx*X 2/(2 .»ky)-(V l+ V 2)»X Z xl(l)/2 .

IZxl(2)~T*X Zxl(1)
XZxo(l)-U *XXxl(l)
ZZxo(2)~S*ZZxo(l)

XXxo(2)-Q(2)»ZXxo(2)
X X xo(l)-Q (l)»X X xo(l)
ZZxl(2)~Q(2)*ZZxl (2)
Z Z x l( l)-Q (l)» Z X x l(J )
ZZyo(2 )- * (2 )*ZZxo(2)
XXyo(l)~R(l)*XXxo(l)
XXyl(2 )*R (2 )•Z Z xl(2)
Z Z y l( l )mR ( l ) mZ Z x l( l)

X Z Z y(l)-(ky/kx)*X X Z x(l)
ZZZy( 2 ) - (ky/kx)»XXXx(2)
ZZZx(1) m(i* kx3 /kx )* Z Z Z x(l)
ZZZx(2 ) - ( - i • * * 3/kx)•X X X x(2)

Bx-XZZx ( l ) »dmxp (~kx3 *B3 ) *ZZZx(2) • dmxp (kx3*h3)
B y  ZZZy (1) • dmxp (-k s3  »h3) *ZZZy(2 ) "dmxp (kx3 * M  )
Bx~ZZZx( 1) *dmxp (-kx3*h3)*Z IIx(2 ) •dmxp(kx3*h3 )

X x -  ( i *  kx* u lx / ( V k x l  * u i  x) ) •
2 ( (k x 'R (1 )-k y )  •ZZxl ( l l* (kx*R (2) -ky)•ZZxl (2))

Z y (u ly * k y /(u lx * k x ))* Z x  
X x~ (-l» u lx * kx l/(u lx» k x ))* Z x

tm ay((V l*V 2)/(V l-V 2))*dm xp(-2 .»kx3*lt3)
ZVx"(-u4x»kx/ky)»dm xp(kx4, h3)*

2 (K3+K2*mxp(-kx3*h3)»Vl/(Vl-V2)-
2 ( l . /vo ) • (k y /k x )  • dmxp (kx3 • AJ ; • (1 . - t  map) •ZZZx(2))

Z V y(u 4 y t ky/(u4x»kx))*ZV x  
ZVx~(i»u4x‘kx 4 /(u 4 x* kx )) *ZVx

re tu rn
mad

Figure 22. (Concluded).



s u b r o u t i n e  s o u r c e ( n , k y )  
i n c l u d e  'm l c o m J . f o r '

i n t e g e r * !  n 
r e e l * 9 k x , k y
c o m p le x * 19 I p 3 , l p 2

J U -O .
K J -O .  
k x - n * d k x  
l p 2 m0 .
i f  ( c e e e 2 . e q . ' y ' )  th e n

l p 2 mI 0 2 * ( - 2 . * i / d a q r t  ( 2 . * p i ) )  * d a i n ( k y * b 2 / 2 . )  
en d  i f

i f  ( c e e e l p . e q . l )  th e n
l p 3 ~ I 0 3 * ( - 2 . * i / d e q r t  ( 2 . * p i ) )  * d e i n  ( k y * b 3 / 2 . ;  

e l s e
I p 3 ml 0 3 *  ( 2 . / d s q r t  ( 2 .  * p i )  ) * d e i n  (  ( k y o 3 - k y )  * b 3 / 2 . ) /  ( k y o 3 - k y )  

e n d  i f

i f  ( c e e e . e q . l )  th e n
i f  ( c e s e 3 . e q . ' y ' )  then  

K 3 * l p 3 * d a q r t ( 2 . * p i )  
en d  i f
i f  ( c e a e 2 . e q . ' y ' )  then  

K 2 » l p 2 * d s q r t ( 2 . * p i )  
end i f  

e n d i f

i f  ( c e s e . e q . 2 )  th e n  
i f  ( c e s e 3 . e q . ' y ' ) then  

i f  ( n .e q . O ) th en
K3ml p 3 * e 3 / d s q r t ( 2 . * p i )  

e l s e
K3m( l p 3 / k x )  * d s q r t  (2  . / p i ) *

2 d s i n ( k x * e 3 / 2 . )  * c d e x p ( - i * k x *  ( e x 3 ~ e 3 / 2 . )  )
e n d i f  

e n d i f
i f  ( c e s e 2 . e q .  ' y ' )  then  

i f  ( n . e q . O )  th en
K2ml p 2 * e e 2 / d s q r t  ( 2 . * p i )  

e l s e
K 2 * ( l p 2 / k x ) * d a q r t ( 2  . / p i ) *

2  d s i n ( k x * s e 2 / 2 . ) * c d e x p ( - i * k x *  ( e x 2 - * s 2 / 2 . )  )
e n d i f  

e n d i f  
e n d i f

c lourcif JU I iU it layers *~h2 I hJ+hJ

i f  ( c e s e 2 . e q . ' y ' ) th e n  
K 2 ~ K 2 * c d e x p ( - i * k y * s h i f t )  

e n d i f

r e t u r n
end

Figure 23. List of the subroutine "source7.for."
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c

c

m l c o m 7 . f o r

common v a r i a b l e s  s h a r e  b y  m a g l e v  a n d  f i e l d

i m p l i c i t  n o n e

i n t e g e r * 2  c a s e , c a s e l p

c h a r a c t e r * 1  c a s e 2 , e a s e l

r e a l * 8 

r e a l * 8  

r e a l * 8 

c o m p l e x * 1 6

h 2 , h 3 , h 3 p , u o , p i , W o , s x , s y , s z i W , v , d k x

u l x ,  u l y ,  u l  x ,  u 2 x ,  u 2 y ,  u 2 z ,  u 3 x ,  u 3 y ,  u 3 z ,  u 4 x ,  u 4 y ,  u 4 z

a a 2 , a 3 ,  a x 2 ,  a x 3 , b 2 , b 3 , s h i f t , k y o 3 , 1 0 3 , 1 0 2

B x , B y , B z , K 2 , R 3 , i

p a r a m e t e r  ( p i ? 3 . 1 4 1 5 9 2 6 5 4 ,  u o * J , 2 5 6 6 3 7 1 e - 6 )

common / a /  

common / b j  

common / c /  
common f d f  

common  / • /

h 2 , h 3 , h 3 p , V o , s x , s y , s z , v , v , d k x

u l x , u l  y , u l z , u 2 x , u 2 y , u 2 z , u 3 x , u 3 y , u 3 z , u 4 x , u 4 y , u 4 z  

B x , B y , B z , K 2 , K 3 , i

a a 2 , a 3 , a x 2 , a x 3 , b 2 , b 3 , s h i f t , k y o 3 , 1 0 3 , 1 0 2  

c a s e , c a s e 2 , c a s e 3 , c a s e l p

Figure 24. List of the subroutine "mlcom7.for."
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E n t e r  o u t p u t  f i l e  nam e p r e f i x :  t 5 n  

I s  l a y e r  1 I s o t r o p i c 7 ( Y i n )  : y  

E n t e r  l a y e r  1 I s o . r e l . p e r m e a . — u r l  : 1 .

I s  l a y e r  4 I s o t r o p i c ?  ( y , n )  : y  

E n t e r  l a y e r i  I s o . r e l . p e r m e a . — u r 4  : 1 .

I s  l a y e r  2 c o n d u c t i v i t y  I s o t r o p i c ?  ( y , n )  : y  

I s  l a y e r  2 p e r m e a b i l i t y  I s o t r o p i c ?  ( y , n )  : y  

E n t e r  w h i c h  c a s e ,  l ^ l e v l t a t l o n ,  2 = L I M ,  3=LSM  : 1

E n t e r  w h i c h  c a s e ,  l = n o  x  d e p e n d e n c e , 2 - D , 2 = w l t h  x  d e p e n d e n c e , 3 - D :  1 

E n t e r  a m p - t u r n s  f o r  l o o p , t e s l a  f o r  m a g n e t , a t  z = h 2 + h 3 — 1 0 3  : 1 .

I s  I t  a m a g n e t ?  l * l o o p ,  2 * m a g n e t  : 2

E n t e r  p a r a m e t e r  t o  l o o p :

1 .  r a i l  t h i c k n e s s — h 2

2 .  s o u r c e  f r e q .

3 .  r a i l  c o n d u c t i v i t y — s x

4 .  r a i l  r e l .  p e r m e a b i l i t y — u r 2

5 .  g a p — h 3

6 .  v e l o c i t y — v  
S e l e c t  ( 1 , . . , 6 ) :  6

E n t e r  m i n ,  max a n d  s t e p s l z e  f o r  a b o v e  s e l e c t e d  p a r a m e t e r :  0 .  1 8 0 . 1  1 5 .  

E n t e r  r a i l  t h i c k n e s s — h 2  I n  m , f r e q  : 0 . 0 2  0 .

E n t e r  I s o .  c o n d u c t i v i t y — s x y z  I n  S/m  : l . e 6  

E n t e r  l a y e r 2  I s O  . r e l  . p e r m e a  . - - u r 2  : 5 0 0 .

E n t e r  g a p — h 3  I n  m: 0 . 0 2

E n t e r  s o u r c e  l e n g t h — b 3  I n  m: 0 . 5

D o « a  s o u r c e  e x i s t  a t  z - h 2  ( y , n ) , n o  f o r  L I H  : n

P l e a s e  w a i t ,  c a l c u l a t i n g  _____

Figure 25. (a) An example run of "maglev7.exe," for caselp = 1, i.e., for magnetic 
levitation.

C:\>maglev7
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C:\>type t5n.fx.100E-03 -.179E-09.150E+02 .639E-07.300E+02 .436E-06.450E+02 -.343E-07.600E+02 .126E-06.750E+02 i - . 125E-06.900E+02 .870E-06.105E+03 .378E-06.120E+03 .111E-05.135E+03 619E-07.150E+03 -.700E-07.165E+03 -.406E-06.180E+03 .708E-07

C:\>type t5n,■ fy.100E-03 -.298E+00.150E+02 -.263E+05.300E+02 322E+05.450E+02 -.363E+05.600E+02 -.395E+05.750E+02 -.422E+05.900E+02 -.445E+05•105E+03 -.464E+05.120E+03 -.480E+05. 135E+03 -.494E+05. 150E+03 -.507E+05.165E+03 -.518E+05.180E+03 -.528E+05

C:\>type t5n.fz . 100E-03 .153E+06.150E+02 .138E+06.300E+02 .126E+06.450E+02 .118E+06.600E+02 .112E+06.750E+02 .106E+06.900E+02 .101E+06. 105E+03 .964E+05.120E+03 .924E+05.135E+03 .886E+05. 150E+03 .852E+05.165E+03 .820E+05.180E+03 .790E+05

Figure 25. (b) Output of the example run.
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t5n
y
1 .

y
1 .

yy
1
1
l .
2  

6
0 .  1 8 0 . 1  1 5 .

0 . 0 2  0 .
I .0 6
5 0 0 .

0 . 0 2

0 . 5

n

Figure 25. (c) Batch input file "res5n" for example run (a).
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Enter output file name prefix: 146 

Is layer 1 inotropic? (y,n) : y 

Enter layerl iso.rel.permea.— url : 1.

Is layer 4 inotropic? (y,n) : y 

Enter layer4 iso.rel.permea.—ur4 : 1.

• In layer 2 conductivity inotropic? (y,n) : y 

Is layer 2 permeability inotropic? (y,n) : y 

Enter vhich case, l^levitation, 2*LIM, 3^LSM : 2

Enter vhich case, 1-no x dependence,2-D, 2=vith x dependence,3-D: 1 

Enter amp-turnn for loop,tesla for magnet,at z=h2+h3— 103 :1.

Is it a magnet? l*loop, 2*magnet : 1

Enter parameter to loop:
1. rail thickness h2
2. source freg
3 . rail conductivity sx
4. rail rel .permeability—ur2
5. gap—h3
6. velocity—v
7. vave number det. source phase velocity—kyo3 

Select (1,..,7): 3

Enter min, max and stepsize for above selected parameter: S.e5 l.e7 l.e6 

Enter rail thickness—h2 in m,freq : .02 400.

Enter layer2 iso.rel.permea.—ur2 : 500.

Enter gap—h3 in m,velocity— v in m/s: .02 135.

Enter source length—b3 in m: 2.

Enter kyo3 in l/m,note v/ky03mphase velocilty: 15.70796327 

Does source exist at z=h2 (y,n),no for LIE : n

Please wait, calculating ....

C: l>maglev7

Figure 26. (a) An example run of "maglev7.exe, for caselp—2, i.e., for a LIM.
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C :\> type  t 4 6 . f x  
. 500E+06 
. 150E+07 
. 250E+07 
. 350E+07 
. 450E+07 
. 550E+07 
. 650E+07 
. 750E+07 
. 850E+07 
•950E+07

. 567E-15 

. 766E-15 

. 885E-15 

. 973E-15 

. 104E-14 

. 111E-14 

. 116E-14 

. 120E-14 

. 125E-14 

. 128E-14

C :\>type t 4 6 . f y
. 500E+06 . 495E-08
. 150E+07 . 806E-08
. 250E+07 . 998E-08
. 350E+07 . 114E-07
. 450E+07 . 126E-07
. 550E+07 . 136E-07
. 650E+07 . 145E-07
. 750E+07 . 153E-07
. 850E+07 . 159E-07
. 950E+07 . 166E-07

C : \>type t4 6 . fz
. 500E+06 . 768E-07
. 150E+07 . 724E-07
. 250E+07 . 695E-07
. 350E+07 . 672E-07
. 450E+07 . 653E-07
. 550E + 07 . 636E-07
. 650E+07 . 621E-07
. 750E+07 . 607E-07
. 850E+07 . 594E-07
. 950E+07 . 582E-07

Figure 26. (b) Output of the example run.
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t46
y
1 .
y
1 .
y
y
2
l
1.
i
3
5.65 1.67 1.66 
.02 400.
500.
.02 135.
2.
15.70796327
n

Figure 26. (c) Batch input fiie "res46" far example run (a).
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C : \ > m a g l a v 7

E ntar ou tpu t f i l a  a i m  p ro f l x  t t€  

la  l t y o r  1 la o tro p ic?  (y ,n ) i /
E ntar la y a r l ia o .rB l.p a rw B B .~ u r  1 : 1.

Ia  la y a r  4 lao trop icT  (y ,n ) i /
E ntar la y a r i la o .r a l  .parnaa .— ur4 t 1.

Ia  la y a r  2 c o n d u c tiv ity  la o tr o p ic ? (y ,n )  : y  

la  la y a r  2 parm aab ility  la o tro p ic ?  (y ,n )  : y  

E ntar which caaa, l» la v i ta t io n ,  2"LIM, 3mLSH : 3

E ntar which caaa, 2«no x dapandanca,2-D, 2"w ith x  dapandanca,3-D: 2 

E ntar aap-turna fo r  lo o p ,ta a la  f o r  m agnat,at *"h2+h3— 103 t l .

Ia  i t  a nagnat? l* loop , 2»aagnat t 1

E ntar paramatar to  loopt
1. aourca Ira q .
2 . gap— h3
3 . v a lo c i ty — v
4. wava numbar d a t. aourca phaaa v a lo c i ty— kyo3
5 . ra l lo n g itu d in a l loop l o c .o f  2 aourcaa— a h i f t
6 . loop lang th  o f  aourca a t r~h2— b2 

S a la c t ( 1 , . . , 6 ) :  1

E ntar m in, max and a tapa iia  fo r  abova aalactad paramatar: 0. 100. 10.

E ntar r a i l  thicknaaa— h2 in  m: .02

E ntar ia o . c o n d u c tiv ity — axya in  S/m : 0.

E ntar layar2 iaO .r a l  .parmaa.— ur2 s 1.

E ntar gap~h3 in  m ,v a lo c i ty ~ v  in  m/a: .1 120.

E ntar loop la n g w id th ,a d g a  1 oc~ b3, a3, ax3 in  m: 10. .5 .25 

E ntar kyo3 in  l/m ,no ta  w/ky03*phaaa v a lo c i l ty :  3.141592654 

Doaa aourca a x ia t a t *"h2 ( y ,n ) ,n o  fo r  LIE : y 

E ntar aap-turna at M"h2— 102 : I.
E ntar lo n g . a h ifto fa o u r . a t t-h 2  to  *"h2+h3 in  a: 2.

E ntar loop la n g w id th ,a d g a  lo c ~ b 2 ,a 2 ,a x 2  in  a: 1. .5 .25

Plaaaa w a it, ca lc u la tin g  . . . .

Figure 27. (a) An example run of "maglev7.exe," for caselp=3, i.e., for a LSM
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C s \ > t y p «  t « . f x
. 0 0 0 1 + 0 0  . 0 0 0 1 + 0 0
.6288+02 - .5708-17
. 126E+03 -.1988*16
. 188E+03 .498E-16
. 251E+03 - .2 728-16
.3148+03 - .2 668-16
.3778+03 - .2218-15
.4408+03 - .1 678-16
.5038+03 - .1 0 5 8 -1 6
.5658+03 .1118-16
.6288+03 - .2 158-17

C : \ > t y p «  t 6 . f y
.0008+00 - .3 038-16
.6288+02 -.1018-08
.1268+03 -.2228-08
.1888+03 .6828-08
.2518+03 -.4308-08
.3148+03 -.4678-08
.3778+03 -.4438-07
.4408+03 -.3668-08
.5038+03 -.2588-08
.5658+03 .2988-08
.6288+03 -.6338-09

C : \ > t y p e  t 6 . £ *  
.0008+00 
.6288+02 
.1268+03 
.1888+03 
.2518+03 
.3148+03 
.3778+03 
.4408+03 
.5038+03 
.5658+03 
.6288+03

.1098-06

.1948-07

.2108-07

.2118-10

.2058-07

.1848-07

.1218-08

.1108-07

.7178-08

.1228-10

.1548-08

Figure 27. (b) Output of the example run.
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t6

y
1 .y

1 .
yy
3

2
l .
l
l
0. 100. 10.
.02
0.
1.
.1 120.
10. .5 .25 
3.141592654
y
1.
2.
1. .5 .25

Figure 27. (c) Batch input file "res6" for example run (a).
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in file ”t5n.fz". The program will then ask for user inputs to define the specific problem to be 
solved. Specific user inputs requested will vary as functions of previous inputs. For instance, if 
the response to the question "Is layer 1 isotropic?" is "yes", die program will ask for 
"iso.rel.permea.(isotropic relative permeability)". If the answer is "no", then the program will ask 
the relative permeabilities in the x, y, and z directions. The examples which follow present 
examples for inputs to LSM propulsion, levitation, LIM propulsion and, later in subsection 5.2 for 
shielding problems where responses to menu driven requests are shown. Output data files 
containing solutions to the problems are printed following the pages with program inputs (i.e., as 
part "b" of each figure).

Rather than follow the program menus as shown, the user has the option of preparing batch 
input files in the format shown on part "c" of each figure. The example input files are also given in 
the disk as listed in Table 1 as "res*" files. The input file must follow the format shown and be 
stored as a user defined file name using whatever editor the user prefers. The batch run can then 
be run by simply typing, if the input file is "res5n",

maglev7 < res5n

The geometrical variables used in the codes are described in Figure 3 and Appendix A. 
Some variables for material properties, source parameters, field and force values, are also given 
below:

urij = relative permeability of j-th component (notice that uniaxial permeability
u = xx Ujm + yy Uyy + zz ua  has been assumed) in the ith layer, i = 1, 2,4, j=x,
y. z

sj = conductivity of the j-th component (again, uniaxial conductivity has been assumed 
for layer 2) in layer 2, j = x, y, z

Hj 1 = j-th component of the magnetic field intensity at the interface of layers 3 and 4, j = 
x, y, z

Fj = j-th component of the force exerted on layer 4, j = x, y, z

kyQ, f, v = wave number, frequency of the source current, and velocity of the vehicle 
( Note, kyo*b3/2 has to be multiples of rc)
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The variable names introduced in Section 2.0 are mostly preserved in the subroutine 
Hfield7.for." For performing the integrations, some variables need to be introduced to define the 
increments and to check for the convergence. They are given as "dkx," "dky," and "error," 
respectively. From many test runs, it is estimated that values of "error" <10-6, and "a • dkx" (or 
"b • dky") <0.1 will give reasonably accurate results. In the above conditions, "a" represents Ha3" 
and "aa2", and "b" represents "b3" and "b2." These criteria for the determination of integration 
parameters have also been implemented into the codes and are transparent to the users.

These computer codes arc intended to be very versatile for running various option cases. 
They can be used to address purely levitation design alternatives, and to address LIM and LSM 
propulsion approaches, by inputing different values for parameter "caselp". They allow the 
sources to be current loops or magnets (but only at the interface of layers 3 and 4), to be at the 
interface of layers 3 and 4, and/or at the interface of layers 2 and 3, and to be x-independent or not. 
For this reason, several variables are introduced to identify the options, which are listed below, 
and also explained in Appendix A.

case: = 1, for x-independent (Le., 2-dimensional problem, when the lateral dimension is 
large); = 2, for x-dependent

caselp: = 1, for levitation only; = 2, for LIM; = 3, for LSM 

case2: ="y", when source present at interface of layers 2, 3; ="n", when not present 

case3: ="y", when source present at interface of layers 3,4; = "n", when not present 

casern: =1, for current loop source; =2, for magnet source.

In the case of magnet source, the pole length for the equivalent current sheets introduced to 
approximate the magnet source is needed. The common rule is to use a pole length about ten times 
the pole-face length (b3) or width (a3) whichever is smaller. Again, this rule has been 
implemented in the program and is transparent to the user. It should also be noted that the 
computer codes in their present form require that LSM layer 2 be nonconducting with free space 
permeability.

The formulation presented in Section 2.0 allows for the materials in layers 1,2,4 to be 
anisotropic. The computer codes arc prepared for such anisotropic materials. No attempt has been 
made to rederive the formulas for the isotropic case for implementation into the computer codes. 
However, the results of an isotropic case can be obtained by introducing slightly anisotropic
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properties to the material, e.g., less than 0.1% difference. Such an approximate approach has been 
implemented into the codes for handling the isotropic cases. The formulations are not prepared to 
handle some variables with zero values. To prevent overflows from occurring, a small value (such 
as 10"6) is introduced to approximate a zero value for such variables. This leads to negligible 
errors in the results and is transparent to the user.

To run the computer codes which one variable is allowed to step through many values 
while all other variables remain fixed, a looping structure is introduced. Depending on the options 
determined by the variable "caselp", different sets of "looping" variables are selected. For 
example, when caselp = 1 is selected to address a levitation problem, there are six looping 
variables (k2, f , ..., v) for a user to choose. If v is chosen (i.e., 6 is chosen as input, as shown in 
Fig. 25b), then the program will ask the minimum, maximum and step size of v, and the specific 
values of other variables.

With the above description, three sample runs, corresponding to "caselp" = 1,2, and 3, 
respectively, for levitation, LIM, and LSM are demonstrated as Figures 25a, 26a, and 27a. The 
corresponding output files are given as Figures 25b, 26b, and 27b. The output files give the forces 
in the x(transverse), y (propulsion) and z (levitation) directions. The first column of each file is the 
looping parameter, for Figure 25b, it is the velocity (m/s), for Figure 26b, it is the conductivity 
(S/m), and for Figure 27b, it is the frequency. The force unit is Newton. The source strength of 
Figure 25b is 1 tesla/Po magnetization, and those of Figures 26b and 27b have Iq = 1 amp. Since 
an x-independent condition is used for the example runs, zero forces in the x-direction (fx) are 
expected. The nonzero small values for fx in the output files are due to unavoidable truncation? 
errors. Sometimes, it is more convenient to perform batch runs. The batch files for the above 
example runs are given in Figures 25c, 26c and 27c. To enable the users to be more familiar with 
running the codes, more descriptions are now given to two of the above example runs.

(a) LIM(i.e., Figure 26)

For a LIM, layer 1 will be free space. This is because if the source is on the vehicle, then 
layer 1 very possibly is the soil. If the source is not on the vehicle, then layer 1 will be the air 
(behind the reaction conductor on the vehicle). Layer 2 will be the reaction rail with conductivity.
If the LIM is also intended to provide some attractive levitation force, the reaction rail can be taken 
to have high permeability. If the reaction rail is constructed in such a way that the current flow has 
some preferable directions, an anisotripic conductivity can be used (Note, anisotropic permeability 
can also be used, if some exotic laminations provide performance advantages). Layer 3 is the gap 
area, which is air. Layer 4, for a LIM, very possibly is laminated back iron (can be air too), i.e.,
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has high permeability (Again, the codes allow for anisotripic permeability). Of course, the 
laminated back iron won't cover layer 4 completely, but the effect of the layer beyond the back iron 
is expected to be very small. That is, either introducing an additional layer 5 taken to be air, or 
assuming that layer to be the same as the laminated iron will give a similar result To summarize, 
for a LEM

layer 1: air, or, soil, p = Ho. = 0
layer 2: reaction rail, p = p©. or high p (e.g., 100 Po)

o = 105 - 107 S/m 
layer 3: air, p = Po, o  -  0, 
layer 4: laminated iron, a  = 0, high p, or air, p = Po, a = 0.

Next consider the source. The codes at their present form, for a LIM would only allow a 
travelling current sheet located at the interface of layers 3 and 4 with frequency f(=ciV2x) and phase 
velocity vph = (oVky0) occupying a rectangular area b3 x a3 (b3 in the travelling direction, a3 in the 
transverse direction). However, if a different source is preferred, simple modification on 
subroutine "source 7.for" can be made to incorporate the new source to the codes. The travelling 
current sheet is a good approximation for a 3-phase stator winding and is given as Eq. 17 in the 
report, with a constraint that sin(ky0b/2) is 0 (note, b = b3).

With the above description, the sample run of Figure 26 becomes self-explanatory. 
However, if some of the questions are answered differently from listed, different sets of questions 
may be given afterward. For example, if the 7-th question (Is layer 2 permeability isotropic? (y,n)) 
is answered ”n", then the 15-th question (enter ur2:) will ask for values of 3 variables (ur2x, ur2y, 
ur2z), instead of just 1 (ur2). Another example, if the 9-th question (enter which case, 1 = no x- 
dependence, 2 = with x-dependence:) is answered "2", then, the 17-th question (Enter parameter 
b3:) will ask for values of 3 variables (b3, a3, ax3), instead of just 1 (b3).

(b) LSM (i.e., Figure 27)

Similar to a LEM, layer 1 for a LSM will also be a free space with p = Po, a = 0. This is 
also true for layer 3. As for layers 2 and 4, they may be somewhat different This is because, a 
LSM makes use of the forces between two magnetic field sources, does not make use of induced- 
current effect For this reason, layer 2 is also a free space. As for layer 4, it is most possible also 
free space.

Regarding the sources, for the codes at their present form, a LSM will have a source at the
interface of layers 3 and 4 similar to that of a LIM. At the interface of layers 2 and 3, the codes
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will allow for a DC current loop (of size b2xa2) shifted in any arbitrary way with respect to the 
source at the interface of layers 3 and 4. Again, it is emphasized that since the foundation is given, 
simple modification on subroutine "source 7.for" can be made to incorporate other desired source 
configurations.

With the above description, the sample run of Figure 27 becomes self-explanatory. The 
primary differences between a LSM run and a LIM run are:

• The 8-th question, LSM is answered with a "3", LIM with a "2"

• LSM has zero conductivity in layer 2, while LIM has nonzero conductivity

• LSM has source at the interface of layers 2 and 3, while LIM does not This is why "n" 
is answered for a LIM non for the last question, while "y" in a LSM run for the last 4-th 
question. The last 3 questions for a LSM run (after a My" answer before them) are to 
quantify the sources at the interface of layers 2 and 3.

5.2 COMPUTER CODES FOR QUANTIFYING SHIELDING PERFORMANCES

The source codes for calculating the stray magnetic fields for various shielding schemes are 
given as "*6.for" in Table 1, while the executable is "shield6.exe" A listing of the source codes is 
given as Figure 28 for the main program (shield6.for), and as Figures 29-32 for the subroutines.
A brief description of the source codes is given below: -

for calculating the fields in the transformed domain (o), k) at locations of interest by 
implementing most of the equations in Section 2.0 before Eq. 14

for implementing the source equation of Eq. 16

for setting up all the common variables

for swapping source variables of the primary source and the active shielding source 
so that same field calculation subroutine can be used

the main program to calculate the magnetic field intensities at locations of interest, 
either in layer 1 or layer 4 by performing necessary integrations

The geometrical variables used in the codes are described in Figure 18 and in Appendix A. 
Most of the variables for looping and option selections, material properties, source parameters, 
field and integral calculations are similar to those used in the MAGLEV force codes as given in

field6.fon

source6.for:

shcom6.for:

swap6.for:

shield6.for:
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program ehield 
Include 'eheomd.tor

c

c
c
c
c

Integer*! n,k,nc,kc,dn,dk,loopver
c herecter*l leol,±eo4,ieo2u,ieo2 e
cherecter*!! neme
reel* 8 kx,ky,dky,x,y,twopi,error,Plintg,P4intg,Plxua,P4eum
reel*! Pnl ,Pn4 ,lvtUn,lvmex,dlv, lv,kycond,kxcond,Bimeg,B4meg
reel* 8 u rle, urly, url s,ur2x, urly,«trie, ur4x, ur4y, ur4t
reel*8 url,ur4,uri,exye,treq
complex* 16 BxJ ,Bx4 ,Byl ,By4,Bml ,Bx4, t ermn,termk, tempix, temply 
complex*16 Bxnl,Bxn4,Bynl,Byn4,Benl,B*n4,temple,temp!x,temp4y 
complex*16 Bxlintg,Bylintg,Belintg,Bxleum,Byleum,Beleam,temp4e 
complex* 16 Bx41ntg,By4intg,Be41ntg,Bx4eum,By4eum,Be4eum

cell clr_ecr 
b3_l-0. ~ 
b3~2-0. 
e3~1-0. 
e3~2-0. 
write(6,1020) 
reed(5,'(e)•) neme 
write(6,1030) 
reed(5,*) curr_l 
write(6,103S) 
reed(5,*) error 
write(6,1040) 
reed(S,*} dkx,dky 
error-1,0e-6 
write(6,1070) 
reed(5,*) treq,v 
write(6,1075) 
reed(5,'(e)•) ieol 
it (ieol.eq.'y') then 

write(6,110S) 
reed(5,*) url 
ulx-url*uo*1.000001 
uly-url*uo 
ule—url*uo*0.999999 

elee
write(6,1100) 
reed{5,*) urlx,urly,urle 
ulx-urlx*uo*l.000001 
uly-urly*uo 
ule-urle*uo*0.999999 

endit
write(6,1077) 
reed(5,,(e),i ieo4 
it (ieo4.eg. * y ') then 

write(6,116S) 
reed(5,*) ur4 
u4x-ur4*uo*0.999999 
u4y-ur4*uo*l.000001 
u4e-ur4*uo 

elee
write(6,ll60) 
reed(5,*) ur4x,ur4y,ur4t 
u4x-ur4x*uo*0.999999 
u4y-ur4y*uo*1.000001 
u4e-ur4e*uo

Figure 28. List of the main program "shieId6.for."
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andif
vritafl.1086) 
raadfS,'(a)’) iao2a 
if (inola.aq.' y ') than 

writ*(1,108S) 
raadfS,•) axya 
m x *maya*l.000001 
a y ~ a x y s * 0 . 999999
li’iiyi 

Ml MM
writa(6,1080) 
rMMd(5,») MX,My,MM 

and if
vrita(6,1087) 
raadfS,' fa)') 1m o2u 
writa(6,1180} 
raad(5,*) c m m m

10 writa(6,2000)
raad(S,*) loopvar
if (loopvar.1m .0 .or. loopvar.gt.8) than 

vrita(6,2010) 
goto 10 

andif
vrita(6,2050}
raadfS,•) lvmin,lvmax,dlv

if (loopvar.ag.1) than 
writaf6,1053) 
raad(5,•) y,a 
vrita(6,1060) 
raad(5,•) h2,h3_l 
vrita(6,1031) 
raadf8,*) c\irr_2 
if (lao2u.aq.'y') than 

vrita(6,1123) 
raadf5,*) ur2 

Mlaa
itrita(6,1120) 
raadfS,*) ur2x,ur2y,ur2a 

andif
m Im m if (loopvar.aq.2) than 

vrlta(6,1054) 
raadfS,*) x,w 
vrita(6,1060) 
raadfS,*) h2,h3_l 
writa(6,1031) 
raadfS,*) c u rr_2 
if (iao2u.aq.'y*) than 

writa(4,1125) 
raadfS,*) ur2

Ml MM
writa(6,1120) 
raadf3,*) ur2x,ur2y,ur2a 

andif
m Imm if (loopvar.aq.3) than 

xritafl,1052) 
raadfS,*) x,y 
vrita(6,1060) 
raadfS,*) h2,h3_l

Figure 28. (Continued).
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wrif(6,1031) 
rmmd(5,*) curr_2 
i f  (lao2u.mq. 'y ' ) tA*n 

w rit*(6,ll2S) 
rmad(3,») ur2

w rif($ ,1120) 
r fd (3 ,» ) ur2x,ur2y,ur2*

*ndit
• la * If (loopvar.aq.4) than 

writ«(6,10SI) 
tmad(3,») x.y.a 
v r i f ( 6 ,1061) 
raad(5,*) U _ I
w rit*(6,103l ) (
f i d  (5,*) curr_2 
i t  (iao2u.mq. ' j ' j  tft«n 

writm(6,U25) 
rmad(3,*) ux2 

•1b*
xrit»(6,1120) 
r»ad(5,») ur2x,ur2y,ur2a 

•ndit
• ! • •  i t  (loopvar.aq.S) thmn 

vrit*(6,1051) 
e fd (3,*) M,y,t 
vritm(6,1062) 
rmadfS,*) h2 
writ*(6,1031) 
rmmd(5,•) curr_2 
i t  (iao2».»q.‘y ‘ ) thmn 

writ*(6,1123) 
rmmd(5,t ) ur2 

• I f
*rit*(6,1120) 
r fd (3 ,* )  ur2x,nr2y,ur2a 

•ndit
•1b* i t  (loopv*r.*q.6) th*n 

wrif(6,1051) 
rm*d(3,») x,y,x 
»rit»(6,1060) 
rmad(3,») h2,h3_l 

303 »rif(6,1032)
rmmd(5,*) curr_2 
i t  (cvrr_2.mq.O.) thmn 

•rrit»(6,2100) 
goto 305 

•ndit
i t  (iao2u.»q. ‘y ’ ) than 

writ*(6,1123) 
r*ad(3,») ur2 

•lam
writ*(6,1120) 
fa d (3,*) ur2x,ur2y,ur2a 

•ndit
• la• i t  (loopvmr.aq.7) than 

w rit*(6,1051) 
rmtd(3,») x,y,a 
vrit*(6,1060) 
rmad(5,») h2,h3_l

Figure 28. (Continued).
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mritm(4,1031) 
cm*d(5,* )  curr_2 

• J n  i t  (loopvmr.mq.4) than 
writm(6,1051) 
rmmd(3,») *,y,m 
wrltm(6,1060) 
em»d(5,*) h2,h3_l 
i f  (imo2u.mq.’y ’ ) thmn 

writm(f,1123) 
rm*d(5,* )  ur2 

02 00
vcitm(6,1120) 
rmmd(5,*) ur2x,ur2y,ur2t 

0T\dif
writm(6,1065) 
rmad(5,») h3_2,0hift_2 
i f  fcamm.mq.l) thmn 

vritm(6,1220) 
rmmd(3,») b3_l 
vxitm(6,1225) 
rmad,(S,• )  b3_2 

0I 00 i f  (emmm.gt.l) thmn 
vritm(6,1240) 
rmmd(S,*) b3_l,m3_l,mx3_l 
vritm(6,124S~) 
rmmd(5,*) b3_2,m3_2,ax3_2 

0ndif 
mndif

i f  (loopvmr.nm.7) thmn 
i t  (imo2u.mq.'y') thmn 

u2x-ur2*uo 
u2y*ur2*uo»0.999999 
u2r-ur2*uo*l.000001 

0I 00
1i2x~ur2x*uo 
ii2y*urtj',u o ,0 .999999 
u2x-ur2*t uot l  .000001 

mndif 
mndif

i f  (loopvmr.nm.8) thmn 
i f  (curr_2.nm.O.) thmn 

i f  (loopvme.nm.6) thmn 
writm(6,1065) 
rmmd(5,*) h3_2,mhift_2 

mlmm
vritm(6,1066) 
rm*d(3,») mhift_2 

mndif 
mndif
i f  (camm.mq.l) thmn 

writm(6,1220) 
rmmd(S,») b3_I 
i f  (cuer_2.nm.O.) thmn 

vritm~(6,1223) 
rmmd(S,*) b3_2 

mndif
mlmm i f  (cmmm.gt.l) thmn 

writm(6,1240)

Figure 28. (Continued).
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rmmd(3,*) b3J,m 3J,a*3J 
i t  (currjl.nm .0.) thmn 

w ritm jt,1243) 
rmad(3,•) bJ 2,a3J2,mx3 2 

•ad it 
•ad it 

•ad it

writm(4,2200)
opmn(unit*l l ,tilm~nmmm//' .Bx 9, atmtua* 'unknown') 
opmn (unit»12 ,film*nmam//9 .By' , atatua*'unknown9) 
opmn(unit»13 ,tilm»naam//9 .Ba ' ,atatua~ 'unknown9) 
opmn(unit*14 ,tilm»namm//9 .Bn9 ,mt«tu#»9unknown9)

do 99 lv~lvmin,lvnax,dlv 
i t  (loopyxr.mq•1) thmn 

M • IV
mlam i t  (loopvar.mq.2) thmn 

i  ■ i *
ml mm i t  (loopvar.mq.3) thmn 

a m lv
mlam i t  (loopvmr.mq.4) thmn 

h2 • lv
mlam i t  (loopvar.mq. 5) thmn 

h3J - lv
mlam i t  (loopvar.mq.6) thmn 

h3_2 • lv
mlam i t  (loopvar.mq.7) thmn 

ur2x ■ lv  
ur2y - lv  
ur2a ■ lv  
u2x~ur2x*uo 
u2yur2y*uo*0.999999 
u2r*ur2M*uo*l.000001 

mlam i t  (loopvar.mq.$) thmn 
curr 2 ■ lv  

mndit

w~2.0*pi*trmq 
i t  (w.mq.O.O) thmn 

w*l.Om-6 
mndit
i t  (v.mq.0.0) thmn 

v»l.Om-6 
mndit
i t  (h2.mq.0.0) thmn 

h2-1.0m-6 
mndit
i t  (ax.mq.O.O) thmn 

ax~l.0m-6 
mndit
i t  (ay.mq.O.O) thmn 

a y  1.00000lm-6 
mndit
i t  (ax.mq.O.O) thmn 

az-0.999999m-6 
mndit

dky0.05/b3J
i t  ( (currJi.nm.0.0) .and. (b3Jt.gt.b3_l)) thmn

Figure 28. (Continued).
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K*
 l
a

dkyaC. 03 /b3_2 
•nd it 
dkxm0.03
i t  (caaa.ag.2) than 

dkx*0.03/*3_l
i t  ( (curr_2.na.O.0) .tad. (m3 l.g t .a j 1)) than 

dkx~0.03/*3_2 
and i t  

•ad it

•h itt_ l*0 .

i t  (w .lt.O .) than 
hi m M 
BxlMU0*0 .
Bylmux-0 .
BmI mum-O.

•1mm
M  ■ f 
Bx4Mux-0.
By4 mua*0.
Bm4mubi-0 .

•ndit
c chack to r convMrgMnc• ia  ky

50 i t  (M.lt.O.) than
kycond -  P Iin tg-(arror‘  PI bum)

•1m*
kycond -  P4 in tg - (arror*P4 mux)

•ad it
i t  ((kycond.gt.O.) .or.

(kc.oq .-l) .or.
(((kc*dky»b3_2) .lt.70.).and.((kc*dky*b3_l) . I t . 70.))) than 
kc-kc+1
i t  (kc.*g.O) th^n 

dk-I 
•1m*

dk-2*kc 
•nd it

do 180 k--kc,kc,dk 
nc--l
i t  (M .lt.O .) than 

Rxlintg-0.
Bylintg-O.
Hslintg-O.

• ! • •
Bx4 in tg -0 .
By4intg-O,
Bt4intg-O.

•nd it
i t  (k.n*.0) than 

ky-k*dky 
• lM•

ky-1.•*<
•nd it

c chack to r  convarganca in kx
40 i t  (M .lt.O .) than

kxcond » Pnl-(arror*P 1 intg)
•1m»

kxcond - Pn4~(arror*P4intg)

Figure 28. (Continued).
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ondit
i t  ((kxcoad.gt.O.) .or.

2 (nc.oq.-l) .or.
2 ( (coao.no.l).and.
2 ( ( (nc*dkx*o3_2).lt.70.).ond.((nct dkxao3mml) . l t .7 0 . ) ) ) )  than

nc-nc+i
i t  (ae.oq.O) thon 

dn-i 
olmo

dn~2*nc
ondit
i t  (m.lt.O.) thoa 

tomplx^O. 
toaply*0. 
toapli*0.

OiMO
toap4xm0. 
toap4y~0. 
toap4x~0. 

ondit
do 200 n*-nc,nc,dn 

i t  (n.no.O) thoa 
Jor*n*dJa 

olao
kx»l.o~6 '

ondit
co ll avop(l) 
co ll tio ld(n,ky) 
i t  (a .lt.O .) tbon 

Bxnl*Bxl/uo 
Bynl~Byl/uo 
BanlmBxl/uo 

olao
Bxn4mBx4/uo 
Byn4-By4/uo 
Bsn4*Ba4/uo 

ondit

i t  (curr_2.no.O.) thoa 
coll awop(2) 
co il tio ld(n,ky) 
i t  (a .lt.O .) than 

BxalmBxa2*Bxl/uo 
Bynl-Byn}*Byl/uo 
Bsnl-Banl*Btl/uo 

olao
Bxn4-Bxn4*Bx4/uo 
Byn4*Byn4* By 4/uo 
Bsn4mBan4*Ba4/uo 

ondit 
ondit

toran*cdoxp(it kxt x) 
i t  (a .lt.O .) tAon

toaplx-toaplx+Bxnl*tormn 
tooply-toaply*Bynl*tormn 
toapla~toapla*Banl• tormn 

olao
toap4r“ toap4x*Bxn4• toran 
tomp4y~toap4y+Byn4mtormn

Figure 28. (Continued).
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200

txxtp4x^txx^4x*Bxn4mtxrrnn 
•a d it 

continue
i t  (x .lt .O .)  than

Bxlintg~BxlLntg+txmplx 
Byllntg~Bylintg+txaply 
Bxlintg*Bxllntg+txaplx
Pnl~dxqrt (cdxbx(txaplx* *2*taapl y* *2*-tmmpl x* *2)) 
PI in  tg-dxqrt (cdxbx (Bxlintg* *2*Byl intg»*2+

2 Bxlintg**2))
• l M

Bx4intgmBx4intg*txmp4x
By4intg*By41ntg+txxp4y
Bx4intg~Bx4intg+taap4x
Pn4 •dxqrt (cdxbx (txop4x**2*txap4y*"2*txap4 x* *2 ) ) 
■P4intgmdxqrt (cdxbx (Bx4 Lntg**2+By4 tntg**2+

2 Bx4intg**2))
xndit
i t  (cxxx.xq.l) than 

dkx~l.
i t  (x .lt.O .) than 

PnlmO. 
xlxx

Pn4m0. 
xndit 

xndit 
goto SO 

xndit
txrak*cdxxp(i*kyty) 
i t  (x .lt.O .) than

Bxlxua-Hxlxum+Bxlintg'tarak
Bylxwx-Hylxua+Bylintg'txnk
Bxlxua-Bxlxuxt+Bxlintg'tank

xlxx
Bx4xua*Bx4xuxt*-Bx4intg*txnk 
By4 xua*By4 x uat+By 4 in  tg• t  xrnk 
Bx4 xua-Bx4 xuxt*Bx4 Lntg* tank 

xndit
180 continua

i t  (x .lt.O .) than
PI xum~dxqrt (cdxbx (Bxl xum**2*Byl xua* *2*Bxl xua* *2)) 

xlxx
P4xua~dxqrt (cdxbx (Bx4 xum* *2*By4 xua**2*Bx4 xua* *2)) 

xndit 
goto SO 

xndit
t*opim2. *pi 
i t  (x .lt.O .) thxn

BxlmBxlxua*dky*dkx/twopi 
Byl*Bylxua*dky*dkx/twopi 
Bxl~Balxum*dky*dkx/twopi 
Blaxg*dxqrt (cdxbx (Bxl * •2*Byl • *2*Bxl**2 ) ) 
w rita (ll ,1400) lv,Bxl 
urita(12,1400) lv,Byl 
writx(13,1400) Iv.Bxl 
weitx(14,1410) lv,Blaxg 

xlxx
Bx4-Bx4xua*dky*dkx/ twopi 
By4-By4xua•dky*dkx/twopi 
Bx4■Bx4xua*dky*dkx/tvopi

Figure 28. (Continued).
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B4mag~daqrtfedaba(Bm4•*2+ay4•*2+Mm4* *2)) 
w r lta fl1,1400) 1v,Bm4 
wr lto  (12,1400) lv,By4 
w rita (13,1400) lv,Ba4 
w rit a(14,1410) lv ,Bimag 

•ad it

99 continue 
Cloaafll) 
c 2.010 (12) 
c1000(13) 
c1ob0(14)

e writa(6,1530) kc,nc 

c Format atatamanta i

1000 format(
1 15m,
2 /15x, '•
3/ 15m, '• PROGRAM t SHIELD
4 /15m, '*
s/is*,

1010 format(/5m,'T hia program calculataa Bm,By ,B i')
1020 format(/5M, 'B n fr output /ilo
J0J0 tormatf/5m, 'Bntar aourca curr^l ,not-0,l/j amp-turna: 9 ,$)
1031 format(/SM,'Bntar ahlald currJ2, in amp-turna: 9 ,$)
1032 tormat(/5M,'Bntar ahiald currJ2 ,not*0,in amp-turna: ',$) 

c 1035 format(/5m,'Bntar arror tolaranca (0-1) i ',$ )
c 1040 formatf/5m, 'Bntar dkx,dky i ',%)

1051 format(/5x, 'Bntar t ia ld  loc. m,j , w in m: ',$)
1052 format(/5x,'Bntar t ia ld  loc. M,y in m: 9 ,$)
1053 tormat(/5x, 'Bntar t ia ld  loc. y,s in m: ',$)
1054 format(/5m,'Bntar t ia ld  loc. M,a in mt 9,$)

c 1055 tormatf/5m,'Bntar hi,h4 : 9,$)
1060 format (/5m, 'Bntar oh Id thick— h2;halght of curr_l— in m: ',$)
1061 tormat(/5x, 'Bntar haight of curr^l— h3_l in m: ',$)
1062 tormat(/5x,'Bntar ahiald thicknaaa— h2 in mt ',$)
1065 format(/5x, 'Bntar haight6y-coord.of currJ2— h3J2,ahift, in m : ',$)
1066 tormatf/5m, 'Bntar y-coord. of curr_2— ahlft in mt ',$)
1070 tormatf/5m, 'Bntar fraqtvalocity— frag in harta,v in m/a: ',$)
1075 tormatf/5m, 'la  layar 1 iaotropicf (y,n) : 9,$)
1077 tormatf/5m, ' la layar 4 iaotropicf (y,n) : ',$ )
1080 tormatf/5m,'Bntar aniao.conductivity— mm,ay,at in S/m: ' ,$)
1085 tormatf/5m,'Bntar iao.conductivity— axyt in S/m : ',$)
1086 tormatf/5m, ' la layar 2 conductivity iaotropicf fy,n) : ',$)
1087 format(/5m, ' la layar 2 parmaabillty iaotropicf (y,n) : ',$)
1100 format (/5m, 'Bntar layarl aniao.ral .parmaa.— urla,urly,urla  : ',$) 
1105 format(/5m,'Bntar layarl iao.ral.parrnaa.— url : 9,$)
1120 format(/5m, 'Bntar layar2 aniao.ral .parrnaa.—  ur2M,ur2y,ur2a : ',$) 
1125 tormatf/5m, 'Bntar layar2 iao.ral .parrnaa.— ur2 t ',$)
1160 tormatf/5m, 'Bntar layar4 aniao. ra l .parrnaa.— ur4a,ur4y,ur4* * ',$) 
1165 tormat(/5M, 'Bntar layar4 iao.ra l .parrnaa.— ur4 i 9 ,$)
1180 tormatf/5m,'Bntar which caaa, 1-no x dapandanca(2-D), 9

2 '2•with m dapandanca(3-D): 9,$)
1220 tormatf/5m, 'Bntar aourca loop langth— in m: ',$)
1225 format(/5m, 'Bntar ahiald loop langth— b3^2 in m i ',$)
1240 tormatf/5m,'Bntar aour.loop lngth,wdth,adga loc— b3,a3,ax3 in m:',$) 
1245 tormatf/5m,'Bntar ahld.loop lngth,wdth,adga loc— b3,a3,ax3 in m:',$) 
1400 formatfal2.3,2fa l2 .3))
1410 format(2fa!2.3))

Figure 28. (Continued).
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c 1330 format(/5m, ' k c ~ '. i f , • nc*’ , l t )
1450 torm at(13,fl0.3,3(el2.3))
2000 format( /3x,‘Bntar parameter to i o op i'

2 /> * , ' I -  tim id  loc x-coord.x, '
2 / J x , ' 2. tim id  loc y-coord.y, '
2 f ix ,  ' 3. tim id loc t-coord.a,'
2 / 5 * , ' 4. mhimld thickneaa,h2, ‘
2 f i x , ’ 3. aourcm loop height,h3_l,'
2 f i x , ’ 6. mhimld loop height,h3_2,'
2 f i x , ’ 7. mhimld rmlmtivm permeability,ur2, '
2 f i x , '  8. ahleld current,curr_2,'
2 f ix ,  'S e le c t( l,. .  ,8)t ',$)

2010 format(/Sx,'Input errori loop parameter la  OUT ot range I •,
2 ' Plmamm try  again.’ )

2050 tormat(/3x,'Bntmr min, max and atepalae to r above aelected', 
2 ' parametert '  ,$)

2100 form at(/5x,'input Brrori curr_2 CAXBOT be xerol’ ,
2 ’ Pleaae try  again.')

2200 torm atfffix,'P leaae wait, calculating . . . . ’ , / )  
end

Figure 28. (Concluded).
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e tla ld a  at layar 1 at a-hl $ layar 4 ae w-h4

aubroutlJi* tla ld(n,ky) 
include ' xhcom6.to r '

e

integer*! 
rea l*4
complex*16 
complex*16 
complax*16 
comp lax*16 
complex*16 
complax*16 
complax*16

a
kx, ky, k t l , kx3, kx4, tarml, tarmi 
X,b,c,kx2(2),kx(2) ,R(2) ,Q(2)
8,T,0,Vl,Y2
tamp,IIXx(2) ,XXIy(2) ,IXXa(2)
11x1(2)
Xx,Iy,Xx,IVx,IVy,XYa
IIxo(2),XXyo(2) , I I mo(2) ,11x1 (2),IX yl(2) ,11x1 (2) 
cxinh,ccoxh,p

cainh (p)-.5*(cdaxp(p)-cdaxp(-p)) 
ccoxhfpJ-.5 * (cdaxp(p)*cdaxp(-p)) 
i-dcaplx(0.,1.) 
c a ll aourca(n,ky)

i f  (n.aq.O) than 
kx*la-6 

alma
kx-n*dkx

andil
X-dcmplx(kx*kx/u2y*ky*ky/u2x, -(*t-ky*v)*aa) 
b-dcmplx(-(ax/ax+u2x/u2x)*kx*kx-(ay/ax+u2y/u2s)*ky*ky,

2 (tr-ky*v) * (ax*u2y+ay*u2x) )
e» (u2x*u2y*X/(u2x*ax) )*dcmplx(ax*kx*kx*ay*ky*ky,

2 - vj
kx2 (1 ) -  .5* (-b+cdaqrt (b*b-4. *c) ) 
kx2(2)-.S*(-b-cdaqrt(b*b-4.*c)) 
kx(l)-cdaqrt(kx2(l)) 
kx(2)-cdxqrt (kx2(2)) 
kx3-dxqrt(kx*kx*ky*ky)
kxl -dxqrt ( (ulx/ul a) *kx*kx+ (uly/ula) *ky*ky) 
kx4-daqrt( (u4x/u4s)*kx*kx*(u4y/u4a)*ky*ky)

R(1)- (  u2x*u2y*X* (u2y*ky*ky-u2x*ka2 ( l ) - l *  (v-ky*v)*ax*u2y*u2x)+ 
2 u2x*u2x*kx*kx*kx2(l) )
R (l)-R (l)/(  u2y*( (kx*ky*i*kx*mx*v*u2x)• (u2x*u2y*X-u2x*kx2(1 ) } -  

2 u2i*kx2(l)*l*kx*v*(u2x*ax-ax*u2x)) )
R(2)-( u2x*u2y*X*(u2y*ky*ky-u2a*kx2(2)-i*(v-ky*v)*ax*u2y*u2t) + 

2 u2x*u2x*kx*kx*kx2(2) )
R(2)-R(2)/( u2y*( (kx*ky*i*kx*ax*v*u2a)• (u2x*u2y*X-u2x*kx2(2))- 

2 u2x*kx2(2)*i*kx*v*(u2x*aa~ax*u2x)) )
Q (l)—  ka(l)*(i*u2x*kx*(i*ky~v*u2x*ax)*u2y*R(l)) /

2 (u2x*u2y*X)
Q(2)— kx(2)*(l*u2x*kx+(i*ky-v*u2x*ax)*u2y*R(2)) /

2 (u2x*u2y*X)
3— (Q (l)*(l.-ky*v /v)+kx(l)*v*R (l)/(l*v )) /

2 (Q(2)*(l.-ky*v/w)+kx(2)*v*R(2)/(l*w))
T-( cxinh(kx(l)*h2)*

2 (i*ky*Q(l)-ka(l)*R(l)+8*(i*ky*Q(2)-kx(2)*R(2)))-

2 (ccoah(kz(1)*h2 )-ccoah(kz(2)*h2 )) )
T—T/( (l./3)*cxinh(kx(2)*h2)*

2 (i*ky*Q(l)-kx(l)*R(l)+S*(l*ky*Q(2)-kx(2)*R(2)j)*
2 (u2x*kx/(ula*kwl))*(kx*R(2)-ky)*
2 (ccoxh(kx(l)*h2)-ccomh(kx(2)*h2)) )

Figure 29. List o f the subroutine "field6.for."
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subroutine source(n,ky) 
include 'ahcoaS .for'

integer*2 n
real*8 kx,ky

K3-0.

if (case.eq.l) then
K3* (-2.*i)*dsin(ky*b3/2.)

endif

if (case.eg.2) then 
if (n.eq.O) then 

kx*l.e-6
K3=(-i/pi)*dsin(ky*b3/2.)*a3 

else
kx=n*dkx
K3a (-2.*i/(kx*pi))*dsin(ky*b3/2.)*

2 dsin(kx*a3/2.)*cdexp(-i*kx*(ax3-a3/2.))
endif 

endif

c sources K3 at layer 3 r*h2+h3

K3BK3*curr*cdexp(-i*ky*shift)

return
end

Figure 30. List o f the subroutine "source6.for."
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subroutine swap(loop) 
include *shcom6.for'

integer* 2 loop

if (loop.eq.l) then 
h 3 * h 3 J  
a3**a3_l 
ax3~ax3_l 
b3-b3_l~ 
shift~shift_l 
curr=curr_l 

endif

if (loop.eq.2) then 
h3-h3_2 
a3-a3_2 
ax3°ax3_2 
b3**b3_2 
shif t^ahift_2 
curr**curr_2 

endif

return
end

c swapping param eters f o r  s h ie ld in g  c a lc u la t in g

Figure 31. List o f the subroutine ”swap6.for."
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c
c

ahcom€.for
common variables share by shield, field, source, swap

implicit none

integer*2 
real*8 
real*8 
real*8 
real*8 
complex*16

case
d k x , h l  , h 4 , h 2 , h 3 , h 3 _ l  , h 3 _ 2 , u o , p i , B X , 8 y , s z , v , v , z
ulx,uly,ulz,u2x,u2y,u2z,u3x,u3y,u3z,u4x,u4y,u4z
a3, ax3 ,b3, shift, curr, curr_l, curr_2
a3_l, ax3_l, b3_l, a3_2, ax3_2, b3_2, shift_1, shift_2
Bx4,By4,Bz4,Bxl,Byl,Bzl,K2,K3,i

parameter (pi<*3.141592654, uo*I .256637le-6)

common /a/ 
common fb/ 
common / c /  
common /d/ 
common /<// 
common fef

dkx,hl ,h4,h2,h3,h3_l ,h3_2,sx,sy,sz,v,v,z
ulx,uly,ulz,u2x,u2y,u2z,u3x,u3y,u3z,u4x,u4y,u4z
Bx4,By4,Bz4,Bxl,Byl,Bzl,K2,K3,i
a3 ,ax3 ,b3, shift, curr ,curr_l, curr_2
a3_l, ax3_l, b3_l, s3_2 , ax3_2 , b3_2 , shift_1, shift_2
case

Figure 32. List of the subroutine "shcom6.for."
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subsection 5.1. The main difference is that an additional current loop (curr_2) for active shielding 
is introduced between the primary source (curr_l) and the "possible" passive shielding layer 2. It 
should also be noted that for most shielding application <b (or 0  and v are set to 0, because most 
possibly the shielding installation will be on board the vehicle and the primary source will be the 
superconducting coils for repulsive levitation.

With the above description, a sample run is demonstrated as Figure 33a. The 
corresponding results are given as Figure 33b. The output file gives the magnitude o f the 
normalized magnetic field intensity (H/Iq, dimension m*1) in the second column as a function of the 

looping parameter (pr2, for this example) in the first column. The suffix "hm" o f the output file 

name is to indicate magnitude o f the H field. The program will also output the field components in 
x, y, and z directions, For those field components, the file suffixes w ill be "hx," "hy," and "hz," 
respectively. The corresponding batch input file is given as Figure 33c.
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C :\> ah ie ld 6

Enter output film name: tal9

Enter so u r c e  curr_l ,not*0,in amp-turns: 1.

Enter freqtvelocity—freq in hertz,v in m/at 0. 0.

la layer 1 iaotropic? (y,n) t y

Enter layerl iso.rel.permea.— u r i : 1.

la layer 4 iaotropic? (y,n) : y

Enter layer4 iso.rel.permea.— ur4 : 1.

Ia layer 2 conductivity iaotropic? (y,n) : y 

Enter iao.conductivity—axyz in S/m : l.o6 

Ia layer 2 permeability iaotropic? (y,n) : y

Enter which caae, I*no x dependence (2-D), 2=vith x dependence (3-D): 1

Enter parameter to loop:
1. field loc x-coord.x,
2. field loc y-coord.y,
3. field loc z-coord.z,
4. shield thickness,h2,
5. source loop height,h3_l,
6. shield loop height,h3_2,
7. shield relative permeability,ur2,
8. shield current,curr_2,

Select(1 ,..,8 ): 7

Enter min, max and atepaize for above selected parameter: 1. 1001. 100.

Enter field loc. x,y,z in m: 0. 0. -1.5

Enter ahld thick—h2/height of curr_l—h3_l in m: .02 .4

Enter shield curr_2, in amp-turns: -.2

Enter heightty-coord.of curr_2—h3_2,shift,in m : .1 0.
Enter source loop length—b3_l in a: 1.

Enter shield loop length—b3_2 in m : .5

Please wait, calculating . . . .

Figure 33. (a) An example run o f "shield6.exe."
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C:\>type tsl9.hm

. 1 0 0 E + 0 1 . 3 4 S E - 0 1

. 1 0 1 E + 0 3 . 1 9 7 E - 0 1

. 2 0 1 E + 0 3 . 1 4 4 E - 0 1

. 3 0 1 E + 0 3 . 1 1 5 E - 0 1

. 4 0 1 E + 0 3 . 9 6 4 E - 0 2

. 5 0 1 E + 0 3 . 8 3 2 E - 0 2

. 6 0 1 E + 0 3 . 7 3 4 E - 0 2

. 7 0 1 E + 0 3 . 6 5 7 E - 0 2

. 8 0 1 E + 0 3 . 5 9 6 E - 0 2

. 9 0 1 E + 0 3 . 5 4 5 E - 0 2

. 1 0 0 E + 0 4 . 5 0 3 E - 0 2

Figure 33. (b) Output o f the example run.
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t a l 9
1 .

0 .

y
l .

y
l .

y
l . » 6

y
l

7
1 .

0 .  

. 0 2  

- . 2  

. 1  

1 .

.5

1 0 0 1 .  1 0 0 .

0 .  -1.5
.4

0 .

Figure 33. (c) Batch input file "res 19" for example run (a).
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A P P E N D I X  A .  M o r e  D e s c r i p t i o n s  f o r  V a r i a b l e s  a n d  S y m b o l s  U s e d  i n  t h e  M a i n  T e x t *

V A R IA B L E C O D E D  SY M B O L  D E F IN IT IO N U N IX

P ij , i = 1 ,2 ,4 , j  = x ,y ,z
• • 

Ulj perm eab ility  o f  th e  j- th  com pon en t  
in the i-th  layer

h en r y /m

p rij ,  i = 1 ,2 ,4 , j  = x ,y ,z urij re la tive  p erm eab ility  o f  the  
j-th  com p on en t in the i-th  layer

u n it le s s

M = P ij /P r ij ) u o free  sp a ce  p erm eab ility h e n r y /m

o j  (j= x ,y ,* ) s j co n d u ctiv ity  o f  the j-th  
com p on en t in  the 2nd layer

S /m

F j , j= x ,y ,z Fj force  in the j-th  d irection n e w to n

kyo k y o 3 w aven u m b er  o f  th e  trave lin g  
w ave so u rce  (at the  

in ter face  o f  la y ers  3 & 4)

1 /m

eo (= 2 x f) w radian  freq u en cy  o f  the so u rce rad ian

V V velo c ity  o f  th e  veh ic le m /s

h 2 h 2 th ick n ess  o f  la y er  2 m
*>3 h 3 gap  w id th m

b(3) [b2]* * b 3 , b2 long itu d in a l (in  th e  tra v e lin g  (y -) d irection )  
d im en sion s o f  th e  so u rces  a t in ter faces  o f  

la y ers  3 ,4  [ la y ers  2 ,3 ]

m

a<3) [a2] a 3 , aa2 tran sverse  (x -) d im en sio n s  o f  th e  so u rces  
at in ter fa ces  o f  la y ers  3 ,4  

[ la y e r s  2 ,3 ]

m

•S I  un its are used  th rou gh  the cod es, a lso  refer to  F igu re  3 and  pages 8 , 4 0  in th e m ain tex t, 
••c o rr e sp o n d in g  d efin itio n  is a lso  in d ica ted  in sid e  [ ].



V A R IA B L E  
& C O P E D  SY M B O L

s h if t

A P P E N D I X  A  -  C O N T ' D *  

D E F 1 N I T 1 Q M M I X

lon g itu d in a l (y -) co o rd in a te  o f  th e  m
cen ter  o f  the sou rce  at in terface  
o f  la y ers  2 ,3

ax3 [ax2]** tran sverse  (x-) coord in a tes  o f  th e  
ed ges o f  th e  sou rces  at in terfaces  o f  
la y e rs  3 ,4  [layers  2 ,3 ]

m

c a se = 1 , fo r  x -in d ep en d en t  

= 2 , w ith  x -d ep en d en ce

u n it le s s

c a se lp = 1 , fo r  lev ita tio n  ap p lica tio n  

=2, for  L IM  ap p lica tion  

= 3 , for L SM  a p p lica tion

u n it le s s

case2  [case3] = " y" , w hen  sou rce  ex ists  at in terfaces  
o f  layers  2 ,3  [layers 3 ,4]

character

' = " n " , w hen n o  sou rce  a t in terface  o f  
layers  2 ,3  [layers 3 ,4]

casern = 1 , fo r  cu rren t loop  sou rce  

= 2 , for  m agn et sou rce
u n it le s s

♦SI un its are used  th rou gh ou t th e  co d es, a lso  refer to  F igu res 3  an d  p ages 8 , 40  in the rep ort 
♦♦correspond ing  d efin itio n  is  a lso  in d ica ted  in sid e  [ ].



A P P E N D I X  A — C O N C L U D E D *

V A R IA B L E  
(& C O D ED  SY M B O L !

b 3 _ l  [b 3_2 ]**

a3  I [a3 2] tra n sv erse  (x-) d im en sion s o f  th e  p rim ary
so u r ce  [the sh ie ld in g  loop ]

s h if t  2 lon g itu d in a l (y-) c o o rd in a te  o f  th e
cen ter  o f  the sh ie ld in g  loop  

(cen ter  o f  th e  prim ary sou rce  is  th e  or ig in )

a x 3  2 tran sverse  (x-) coord in a te  o f  th e

(a x 3 _ l= 0 .5  * a 3 _ l )  ed g e  o f  the sh ie ld in g  lo o p  1

am p erse-turn  o f  the  

sh ie ld in g  lo o p

(1 am p -tu rn  is assu m ed  for  th e  prim ary  sou rce)

h 3 _ l  [H3_2] h e igh ts  o f  the prim ary  so u rce  [th e  sh ie ld in g
loop] from  the sh ie ld in g  layer

cu rr_2

( c u r r _ l= l )

D E F IN IT IO N

log itu d in a l (y_) d im en sion s o f  th e  prim ary  
so u r ce  [the sh ie ld in g  loop ]

*SI un its are  used  th rou gh ou t th e  cod es, a lso  refer to  F ig u res  3 an d  pages 8 , 40  
“ corresp on d in g  d efin itio n  is a lso  in d icated  in sid e  [ ].

U N IT

m

m

m

m

am p -turn

m

in th e  rep ort
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