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1.0 INTRODUCTION

There are many design alternatives for the propulsion and suspension subsystems of a
magnetically levitated vehicle (MAGLEYV). 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 MAGLEYV 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 hclp 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



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.

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 transfofms 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.




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
cach 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
clectromagnetic behavior of the moving layers 1 and 2 are simplified to:

V x =--ag

- ot
VxH=]J
J=0 - (E+yxB)
B=pn-H

0y

where E and H are the electric and magnetic field intensity vectors, respectively, B is the magnetic
induction vector, ] is the current-density vector, v is the velocity of the medium, W and @ 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.

Note: The x axis is the lateral axis with the positive direction, +x, pointing out of the plane of the paper.




above coupled equations can be decoupled (between E and H) to obtain, for a non-singular
¢ (.e., o # 0),

Vxig? - (VxBl=-S@ - B-@- VG - B

-Vx[;,:’l . (Vx§)]=--§;(g - E)+0 - (vxVxE) ‘ )
J=¢ - [E+yx(u - H)
"B=w H

- -—

and, for 6 =0,

Vil - (VxE)=0
0

VxH=]
V. H)=0

—

€)

B=p 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.
C))
1

~iot+ik, x+ik
3 e
(27)

y
Y do dk, dk,,

At Xy, 2)=—7z] T JA@ ks, ky, 2)

iot-k x-ik

- . __l_ < yy
Ak, k. z)-2nj JJA(L X, ¥, Z) e dt dx dy

With 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. ‘



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) layer1(z<0)

B, =Le541?

ﬁyl = Iyekuz
ﬁzl = Izekl‘z
with
k3 = Pix k2 LBy 2
K1z Hiz y
I, = E.l_y. _l.(l IX
Y Hix kx
I, = Bz ﬁ-]x
Mix iky

(b) layer 3 (hy < z< hy+hjy)
Byy = MO e*2(7h2) 4 D) ekal2-h2)
§y3 = III?) eke(zh2) 4 III§2) ek2(z-h2)

B,3 = M(P e*2(@h2) 4 (2 (ke (2-h2)

with

k2 =kZ+k2

k
1 1
m) = ;11119
X
m = if’-ln;‘)
X
m® = 4 g
-y k X
X
2)_ k; 2
P = —z2 m®

X

(5

©




(c) layer 4 (z 2hp+h3)

Byg = Vg e ¥ae@h2)

ﬁy a=1Vy o Kua(z-h2) ‘ Q)

B,y =1V, o Kza(2-h2)
with

K2, = Raxy 2  Bay 2

B4z M4z
My &y

Y Max kx X

v, R4z ikyq IV,
Hax Kky

Similarly, by applying Equation 4 to Equation 2, one can express the electric field intensity (E) in
layer 2 (Oszghp) as ‘ ” '

(d) layer 2 (O<zghy) .
Erp = @MY cosh kVz+ 1Y sinh kPz) + (ID cosh kPz+ 0D sinh kP)z)
Eyz = (@Y cosh kM2 + 1Y sinh kPz) + (5P cosh kPz+ 1P sinhkPz) . (8)
Ex = @ sinh k{z+ I cosh kPz) + (W) sinh k{Pz + I cosh kPz)
and the magnetic induction (B) as
0B,y = {[(ikyn(u” ~kPn®) sinh kD2 + [(ikng{,’ -kPn®) cosh k2]
+[tic, 12 ~ k@ nPsinh k2] + [, 1E - KP0P) cosh kg2>z]}
0By, = _{[(kgnngg - ik 1) sinh k2] + [k - ke, D) cosh ke

+[0® 1@ - i, 1D)sinh kPz] + (kPR - ke, 1D) cosn kPe]} O

iy = {[(ike T ik, 1Y) cosh k2] + [, I ~ ke, M) sin 1{"z]

y “xe y-xo

-+, P - ik, I)cosh kPz| + [(ik,1Z) - ik, 1) sinh kgz)z]}



with k(" and k() satisfying

12,08 ~[(H2,0x +B2x02)KF + (H2:0y + My )Y —i(@ — ky V2,07 (Gxhay +Oyhizg ]k

+[m2xk? + Boykd —i(0 — kyVIH2:2y 0, JorkE +6,k] —i(@—-kyV)ox0yHz; | = 0

(10)
and I%2) , 142, 12 relared via
192 =R 102
132 - Qg2
CROD - R
r{?)
an

% [ayk3 — R2o (€)? - i( - ky V)Oxhoy oy | + HaxborkE (kS

R = pak, [y +io leJ'Zz)[u'Zxkzx’ + Hayky =g, (k)% ~ (e - kyv)“2xu2¥°=]

= iu2z(k§l'2) )2V(u2x°z =H220 )}

(1.2) ‘kgl'z)[ilnxkx +(iky — VH250;) Hay R(l'z)]
Q== T
Haxky +Hoyky —i(@-kyv) HoxH2yO,

In the above equations, 6, (n =X, y, or z) is the conductivity of layer 2 in the x,y,z
direction, i.e., '

G = XXO, + yyo, + 220, ,

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

B =XXhmy + Yy + 221, m=1, 2, or 4.

m

From Equations §-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:




B, =B, Hy= Hy(or, A y1= y2). - atz=0
B, =By, HyZ Hy3 = Kya(or, H H,3 - Hyp = y2)- atz=hy (12)
§z3 = By4, Hy3 - Hy4 = x3(°r- x4~ Hx3 = Ky3)' atz=hy+hj

E;p-vB,p =0, atz=0,h,

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

of layers n and n+1.

After applying the boundaxy conditions, it is found that

1
- k V,+V, . V.+V, .
[II<2)=c H4z k 4 I-J—1e2k1h3 +k |1+ 1 —2¢ 2k'h3
X k o z Vl—V2 Z Vl—V2

kh V!R 2
[u4zkz4Kx3+(”4z 24 l"'okz)c 3 V.-V ]

m® =12 o Kol Vikyy
ViV, %k V-V,
@ "
n® =20 Moy Ko | 13
V-V, k. V-V,

) - ¢))
ch =T er
1) o 1)
nxo =U ch
() _ 1)
on =$ Hio

ik 1y 0] ") @ @)
= nu: [(kR k) 0 + (k RP -k ) 1

va = _p'4xkx 24 [K + lexZ c'k;hj
ky Vl - V2




where
- RO -k h k" h, + Usinh k"h
vl-mk [(x -y)(cos g g Y
z
1 @) inh k@
+ RV -k ) (Tcosh kP h, +SUsinh & hz)]

i k
v, = 2% [a® —ik Q®) (sinh k{ b, + Ucosh kP
w2ykz

2) _: 2 2 2 2 :
+ (k@ - ik Q@) (Tsinh k{Ph, +SUcosh kh,))|

2)

T=T/T,
T, = sinh k) hy[(k Q¥ -kR®) + (1, Q - kPR

k

~Fox ( ROk ) (cosh kM b, —cosh kP b))
H1z521 d

T, =S”'sinh k{? h2[(ikyQ“) -kR) + 5(ik QP - PR )]

k
+525—5- (ka(z)-—k ) (cosh k h, —cosh k@h,)
y z Zhe?
Hiz%2 (14)

= 1 2 R PO g @n 1
U = (cosh k{ h, - cosh k{ Yh,) (57'T sinh k@ h, -sinh kD n,)
@) ' 0
S = Q(z)(l_.k_y_‘:)+.kLl R® Q(l)(l-iﬂ)-t- kz v rM
(0] i (0] i

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 ('E)

S

where
T=§T;, iLj=xy.z

10




1 2
T,; = ko (HH —58“ IHP?)

1, i=j
s..={ o
y |0, i#]

and f 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 MAGLEY 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., K5 =0, v # 0). On the other hand, for an EMS approach using forces

between two magnetic field sources, both gz and 33 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 =nxM_ . For
suspension purpose, the current source will most possibly be a direct current (DC, i.e., w =2rf =0, f,
source frequency). For a rectangular loop with current strength I,, dimensions a x b, and centered
at the origin, K, , the x-component of the surface current, will be given by
2y kea

_ _kyb
Kx = smT . 27!8((0)

b1 kx 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.c., 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 K,. The LSM, on the other hand, will have both non-

zero K5 and K,, but a non-conducting layer 2. The travelling-wave source K for both LIM and
LSM will be alternating currents (AC), while the source K, for a LSM will be a DC.

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

b b

I, —ioyt+ik

Kx3=—b-c o for -—-2-Sy55. -%SxS% (17)
and
K3 =% % -kl— sin k;a x l—k sin(kyo-k")b 278(0 - ©g)
X yo ~ Ky
with
sin(kyobn) =0

As for K, needed in a LSM, it is taken to be a rectangular loop of size a; x by, centered at (x,, y,)
att = 0, and moving at a velocity v in the y-direction. Ky, thus, takes the following form

- =2i k,by _
Kx2 =28 1 gokata 92 ok

ky 2 2

~kyYo x50 - kyv) (18)

In Equations 16-18, &(w - wy) 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 hxghcr permeability and thus better shxcldmg
pcrformancc :

Ina MAGLEV system, the magnetic-field sources of most concem in producing stray
magrictic 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 shieldin g 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 K will thus take the form
of Equanon 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 ayky,, 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 (21rf/kyo) 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-dependent 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 (jr2) and 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 5S7). 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
(o uolg / (2b)) that can be analytically obtained for a case that pr2 and h2 are larger and h3 is

14
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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 S 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 sﬁows a constant value at h2 2 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 2 m (= b, in the longitudinal travelling
direction) with f = 400 Hz and kyq = ST and a reaction rail with 108 S/m conductivity, 500 o

permeability and 0.02 m thickness, the forces for a 0.02 m gap and vehicle velocity below 135
m/s, are:

propulsion forces (fy) > 0.0068 newton/kNI

levitation forces (fz) > 0.064 newton/kNI

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

propulsion forces (fy) > 1.1 kilo-newton

levitation forces (fz) > is 10 kilo-newton
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These forces can be increased by varying some of the parameter values or implementing
and operating several units simultancously. It should also be noted that the example calculations
were performed by irnposing 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 magnitudc 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 (i.., very high permeability). Under such an |
assumption, the equivalent surface current density of the current sheet for a combined permanent
magnet and electromagnet desigrx can be determined from the curve shown in Figure 9. Figure 9-a
gives the magn_cﬁc 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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Figure 9. A demonstration diagram for estimating the magnetization and equivalent curreat
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 (pl) 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 cxpcctcd to be zero and they are not
presented. As for the levitation force (f2), 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/(2110)) that can be analytically obtained for the case that pr2 and h2 are larger and h3 is
smaller. At a vehicle velocity of 120 m/s, for the given set of 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 f;) 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
conductvity (or lower), 500 p, permeability (or higher) and a 0.02 m thickness, a levitation force
of 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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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 shiclding 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 concem. 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 affects
the magnetic fields. Figure 20 indicates how the magnetic fields vary with location. A comparison
of Figures 15, 16 and 17 also shows some effects due to the locations of the active-shielding
currents. Itis also noted that for code verification purpose, one can compare the numerical results
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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

2 —l
H/I =(b3_1>{2u[(9§2=1) +(h3_1+ 0.5)2]}

which agrees with the numerical results shown in the figures. More systematic runs are required to
determine the suitable parameters of 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" of Figure 15. The curve is obtained for an active shielding current of -0.21I, with b3_2 =
0.25m, h3_2 = 0.1m, shift_2 =0, and a passive shielding layer with y; = 100, when the current
source I has b3_1 =1 m and h3_1 =0.4 m, and the field pointis aty =0, z = -0.5 m. From the
curve, if I = 105 Amp-turns, then the stray magnetic field is

B = poH ~ 0.128 x105 x 47 x 107 x 10* ~ 160 gauss, when h2 = 0 (i.e., no passive
shielding),

and is equal to
B = puoH ~ 0.0383 x105 x 4 x 107 x 10# « 48 gauss, when h2 = 4 cm.

That is, a reduction factor of about 3 is achieved by a 4 cm thick layer with 100 i, permeability.
The reduction factor will be larger if the permeability is higher than 100 . If the permeability is
200 po, then, from "tsO2m" of Figure 185, a thickness of only 2 cm can achieve the same

. (reduction by a factor of 3) shielding effectiveness.

39



5.0 USER'S MANUAL

Although the mathematical formulation to derive formulas for calculating the
propulsion/levitation forces in MAGLEYV subsystems and for quantifying shielding performances
are very similar, two different sets of computer codes were developed for easier use. These two
sets will 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 of 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
of 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 of 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.of the
source codes is given below: ' :

field7 for: for calculating the ficlds in the transformed domain (@, k) at locations of
interest by implementing most of the equations in Section 2.0 before Eq. 14

source7.for: for implementing the source equations of Eqs. 16-18
* mlcom?7.for: for setting up all the common variables

maglev7.for: 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, ¢.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 enteredasa 1to 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 "tSn.fx",
force in the y direction would be stored in file "tSn.fy", and force in the z direction would be stored




84

Table 1.  List of the source and executable codes in the floppy disk.

C:\>dir a:

vVolume in drive A has no label
‘VYolume Serial Number is 176A-1800
Directory of A:z\

SHIELD6 EXE 74752 05-27-92  3:13p
MAGLEV? EXE 72688 06-04-92 11:17a
SOURCE6 FOR 542 12-20-91 2:54p
SHCOM6 FOR 812 01-29-92 2:31a
FIELD6 FOR 4386 02-26-92 10:57a
SWAP6 FOR 477 12-20-91 2:56p
SHIELD6 FOR 17556 05-27-92 3:08p
NAGLEV?7 FOR 18181 06-04-92 11:16a
SOURCE7 FOR 1239 03-25-92 8:39a
MLCON7 FOR 675 03-25-92 8:39%9a
FIELD7 - FOR 4140 03-25-92 8:39a
RES19 112 07-21-92 12:30p
RES6 122 07-21-92 12:30p
RES46 103 07-21-92 12:30p
RES5N 90 06-04-92 1l1:54a

15 rile(s) 157696 bytes free



naqgaaqa

program maglev
for fourier transform in both x and y directions
include ‘mlcoam?.for’

integer*2 casea,nh,nh3 , n, k,loopvar, nc, kc,dn,dk
charactertl isol,is04,4802u, 19028
charactertlé name

real*$ url,uré,ur,axys,freq

real*$ rx,ry,rs,ky,dky,error,fctr

reale$ lvain,lveax,dlv,1lv,pl,fctnh

reale*8 urix,urly,urls,ur2x,ur2y,ur2z,uréx,urdy,urés

complex*16 Hxl,Hx2,Ryl,Ry2,Hsl,H22,termx,terny,termse
complex*lé Fxintg,ryintg,Pzintg,Fxsun,lysus, Fzsum

call clr_scr
kyol=0.

b3=0.

al3=0,

b2=0.

aa2=0.
write(6,1020)
read(5,’(a}’)name
write(6,1030)
read(5,*) error
write(6,1040)
read(5,*) dkx,dky
error=1.0e~6

write(6,1011)

read(5,’(a)’) isol

if (isol.eq.'y’) then
write(6,1101)
read(5,*) url
ulx=urlc*uo*l.000001
uly=urltuo
ulzsurl*uoc*0.999999

else
write(6,1100)
read(5,*) urlx,urly,urlsz
ulx=urlxtuotl.00000]
ulysurly®*uo
ulz=urlz*uo*0.999999

endif

write(6,1012)

read(5,'(a)’) isod

if (isod.eq.’y’) then
vrite(6,1161)
read(5,*) urd
udx=urétuo*0.999999
uéy=urdéruorl.000001
uédzsurdértuo

else
write(6,1160)
read(5,*) uréx,urdy,urds
udx=uréx*tuo*0.999999
udy=urdy*uo*1.00000]
uéz=suréz*uo

endif

write(6,1013)

read(S,‘(a)’) iso2s

Figure 21. List of the main program "maglev7.for."
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vrite(6,101¢)
read(5,’(a)’) iso2u

wvrite(6,1170)
read(S,*) caselp
vrite(6,1180)
read(5,*) case
Cc source alvays exists at z=h2+h}
c write(6,1200)
c read(5,’(a)’) casel
casel='y’
write(6,1205)
read(s,*) 103

c 1f (case3l.eqg.’y’) then
write(6,1210)
read(S,*) casem
pl=0.
if (casem.eq.2) then
vrite(6,1215)
read(5,*}) pl
endif
if (caselp.eq.3) then
30 wvrite(§,2020)
read(5,*) loopvar
if (loopvar.le.0 .or. loopvar.gt.6) thep
write(6,2005)
goto 30
endif
¢ readjust loopvar number to match other caselp cages
if (loopvar.eq.l) then
loopvarsloopvar+]
elge
loopvar=loopvar+l
endift
else if (caselp.eq.2) then '
10 vrite(6,2000)
read(5,*) loopvar
if (loopvar.le.0 .or. loopvar.gt.?7) then
vrite(6,2005)
goeto 10
oendif
olse
20 wvrite(6,2010)
' read(5,*) loopvar
if (loopvar.le.0 .or. loopvar.gt.6) then
vrite(6,2005)
goto 20
oendif
endif
c endif
vrite(6,2050)
read(5,*) lvmin,lvmax,dlv

N aaan

1t (loopvar.eg.l) then
write(6,1061)
read(5,*) freq
if (iso2s.eq.’y’) then
write(6,1081)
read(5,*) sxys

Figure 21. (Continued).
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olse
vrite(6,1080)
read(5,*) sx,sy,sz
endif
if (iso2u.eq.’y’) then
write(6,1121)
read(5,*) ur2
else i
write(6,1120)
read(5,*) ur2x,ur2y,urs
ondif
write(6,2200)
read(5,*) A3,v
else if (loopvar.eq.2) then
wvrite(6,1062)
read(s,*) h2
if (iso2s.eq.’y’) then
write(6,1081)
read(5,t) sxys
else
write(6,1080)
read(5,*) sx,sy,ss
endif
if (iso2u.eg.’y’) then
write(6,1121)
read(5,*) ur
else
wvrite(6,1120)
read(5,*) ur2x,ur2y,ur2s
endif
write(6,2200)
read(5,*) A3,v
elge if (loopvar.eg.ld) then
vrite(6,1060)
read(5,v) h2,freq
if (iso2u.eq.’y’) then
write(§,1121)
read(5,*) ur2
else
vrite(6,1120)
read(5,*) urdx,ur2y,urs
oendif
write(6,2200)
read(5,*) h3,v
eolse if (loopvar.eq.d4) then
write(6,1060)
read(5,*) h2,freq
if (is02s8.eq.’'y’) then
write(6,1081)
read(5,*) sxys
olse
vrite(6,1080)
read(5,%) sx,sy,ss
endif
write(6,2200)
read(5,*) h2,v
else if (loopvar.eq.S5) then
write(6,1060)
read(5,*) h2,freq
if (iso2s.eq.’y’) then

Figure 21. (Continued).
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write(6,1081)
read(5,*) sxys
else
write(6,1080)
read(s,*) sx,sy,ss
endif
if (iso2u.eq.’y’) then
write(6,1121)
read(5,*) ur2
else
wvrite(6,1120)
read(5,*) ur2x,ur2y,ur2s
endif
write(6,2201)
read(S,*) v
elge If (loopvar.eq.€) then
write(6,1060)
read(5,*) h2,freq
if (iso2s.e9.’'y’) then
write(6,1081)
read(5,*) sxys
olse
write(6,1080)
read(5,*) sx,sy,sz
endif
if (iso2u.eq.’y’) then
wvrite(6,1121)
read(s,*) ur2
olge
write(6,1120)
read(5,*) vr2x,ur2y,ur2sz
endif
write(6,2202)
read(s,*) h3
else if (loocpvar.eq.7) then
write(6,1060)
read(5,*) h2,freq
if (iso2s.eg.’y’) then
vrite(6,1081)
read(5,*) sxys
olse
write(6,1080)
read(5,*) sx,sy,8s
endif
if (iso2u.eq.’y’) then
write(6,1121)
read(s,*) ur2
else
write(6,1120)
read($,*) ur2x,ur2y,urs
endif
wvrite(6,2200)
read(s,*) hA3,v
else if (loopvar.eq.8 .or. loopvar.eq.$9) then
write(6,1060)
read(5,*) h2,freq
1f (iso2s.eq.’y’) then
vrite(6,1081)
read(5,*) sxys
olse

Figure 21. (Continued).
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wvrite(6,1000)
read(s,*) sx,sy,ss

endif

if (iso2u.eq.’y’) then
write(6,1121)
read(s,*) ur2

else
write(6,1120)
read(S,*) ur2x,ury,urs

endif

write(6,2200)

read(s,*) h3,v

endif

if (loopvar.ne.3) then
if (iso2s.eq.’'y’) then
sx=sxys
sy=sxys*0.999999
sz=sxys*1.000001
endif
endif

if (loopvar.ne.{) then
if (iso2u.eq.’y’) then
u2x=ur2*uo
u2y=ur2*uo®0.999999
u2g=ur2*uo*l1.000001
else
u2x=ur2x*uo
u2y=ur2y*uo®0.999999
u2g=ur2sz*uo*l.000001
endif
endif

if (casel.eq.’'y’) then
if (case.eq.l) then
write(6,1220)
read(5,*) bl
else if (case.gt.l) then
write(6,1240)
read(5,*) bl,al,axl
endif
if (loopvar.ne.?) then
if (caselp.ge.2) then
wricte(6,1250)
read(5,*) kyold
endif
endif
endif

write(6,1260)
read(5,’(a)’) case2
if (case2.eq.’y’) then
write(6,1265)
read(5,*) 102
if (loopvar.ne.8) then
write(6,1280)
read(5,*) shife
endif
if (case.eq.l) then

Figure 21. (Continued).
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if (loopvar.ne.$) then
write(6,1300)
read(5,*) b2
endif
else if (case.gt.l) then
if (loopvar.ne.9) then
wvrite(6,1320)
read(5,*) b2,ae2,ax2
olse
write(6,1321)
read(5,*) aa2,ax2
endif
endif
endif

wvrite(6,2300)

open(unit=l1,file=name//’.Fx’,status=‘unknovn’)
open(unit=12,file=name//’.Fy’,status='unknown’)
open(unit=l3 ,filesname//’'.Fg’,statuss="unknown’)

do 140 lvelvmin,lvmex,dlv

if (loopvar.eq.l) then
h2=ly

else if (loopvar.eq.2) then
froegmlv

else if (loopvar.eq.3) then
sx=lv*].000001
sy=lv*].000002
82=lv*0.999999

else If (loopvar.eg.4) then
ur2x=lv
ur2y=lv*0.999999
ur2z=lv*l.000001
u2x=ur2x*uo
u2y=ur2y*uo
u2g=ur2s*uo

eolse if (loopvar.eq.5) then
hi=ly

else if (loopvar.eqg.€) then
velyv

else if (loopvar.eq.7) then
kyol=ly

else if (loopvar.eg.8) then
shifeslv

else if (loopvar.eq.9) then
b2=lv

endif

wve2.0*pitfreq
if (v.eq.0.) then
wvsl.0-6
ondif
if (v.eq.0.) then
ve].0-6
endif
1f (h2.eq.0.) then
h2=l.0-6
endif
if (sx.eq.0.) then
sx=1.0000010~-6

Figure 21. (Cbntinued).
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endif

if (sy.eq.0.) then
ay=0.999999%0~6

ondif

if (83.09.0.) then
sz=1.0-6

endif

dky=0.05/b3
if ((case2.eq.’'y’) .and. (b2.gt.b3)) then
dky=0.08/b2
endif
dkx=0.05
if (case.eq.2) then
dkx=0.05/a3
1f ((case2.eq.’y’) .and. (aa2.gt.al)) then
dkx=0.05/a82 .
endif
endif

1f (casemn.0q.2) then
pl=10.0+b3
if ((case.eq.2) .and. (bl.gt.al)) then
pl=10.0%a3
endif
endif

nc=-1
Fxsum=0.
Fysun=0.
Fzsum=0.
check for convergence in n
1f (((cdabs(Fyintg).gt.error*cdabs(?ysum)) .and.
(cdabs(Fzintg).gt.error*cdabs(Fssum))) .or.
(nc.eq.~1) .or. -
((case.ne.l).and. (abs(nc*dkx*al).lt.70.) .and.
(abs(ncedkx*sa2).1t.70.))) then.
ac=nc+l
i1f (nc.eq.0) then
dn=1 :
else
dn=2*nc
endif
do 180 a=-nc,nc,dn
kc=~-1 )
rxintg=0.
Fyintg=0.
Fzintg=0.
check tor convergence in ky
if (((cdabs(termy).gt.error*cdabs(ryintg)) .and.
(cdabs(terms).gt.errorscdabs(fzintgjj) .or.
(kc.eg.~-1) .or.
((caselp.ne.3).and.((abs(kc*dky-kyo3)*b3).1t.70.) .and.
(aba(kc*dky*b2).1t.70.))) then
kc=kc+l
if (kc.eq.0) then
dk=1
else
dk=2*kc
endift

Figure 21. (Continued).
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termx=0.
termy=0,
termz=0.
do 240 k=-kc,kc,dk
if (k.ne.0) then
ky=k*dky
olse
ky=le-6
endif
1f {caselp.eq.3) then
ky=w/v
dky=1.
endif
Hxl1=0.
Byl=0.
Hzl=0.
nh3i=int(pl/h3)+1
if(nh3.eq.l) then
foctnhe]l.
else
fctnh=h3/pl
endif
do 300 nh=l, nh3
RIp=h3+(nh-1)*h3
call field(n,ky)
if(nhl.gt.1 .and. nh.eq.nh3) then
fctah=].-h3*(nh-1)/pl
endif
Hx1=8x*fctnh/uo+ixl
Hyl=By*fctnh/uo+lyl
Hzl=Bgtfctnh/uo+fsz]
Joo continue

Ax2w=dconjg(Bxl)
8y2=dconjg(8yl)
Hz2=dconjg(Hzl)

termxstermx+Hxl*Hs2
tormy=teray+Hyl*Hz22
termz=teras+izl*Rz2-Ax1*Hx2~-Hyl*Hy2
240 continue
Fxintg=rxintg+termx
FyintgeFyintg+termy
FzintgsFzintg+terms
1f (caselp.eg.3) then
termx=0.
termy=0.
terms=0.
endif
goto 60
endif
Fxsum=Fxsum+Fxintg
Fysua=Fysux+Fyintg
FgsumsFzsumirzintg
180 continue
if (case.eq.l) then
dkx=1./(2.*pi)
Fxintg=0.
Fyintg=0.
Fzintg=0.

Figure 21. (Continued).
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endift
goto S0
endif
if (caselp.eg.l) then
if (casem.eq.l) then
fotr=2.
else if (casem.eq.2) then
fotr=2.*((pl/uo)**2.)
endift '
else if (caselp.eq.2) then
fctr=l./(b3*=2.)
elge if (caselp.eqg.l) then
foctr=1./b3
endif
Fx=.5*dreal (uo*Fxsum*dky*dkx)*fctr
Fy=.5*dreal (uo*Fysums*dky*dkx)*fctr
rz=.25+*dreal (uorPzsuntdky*dkx)*£fctr

c open output files
c open(unit=11,file=name,status='unknown’)
write(11,1400) lv, rx
write(12,1400) 1lv,ry
write(13,1400) l1lv,rs
c wvrite(6,1620) kc,nc
140 continue
close(ll)
close(12)
close(13)

suff(l)=’_rx’

do 25 il=}1,3
fname=name//suff(il)
ufname(il)=11+10
open(unitsufname(il), file=fnane, status=’unknovn’)
write(ufname(il),4000) pts

c25 continue

nOonaan

¢ Format statements :

1000 format(

1 lsx"Q.'....'."."...."."'.'.'.l'."......".'

’
2/15%,°% - .,
3/15x,°* PROGRAN 1 MAGLEV .,

4/15x,°* .

5/151".tt.t.....'....l..'........".."""'ﬁ'..")

1010 format(/5x, 'This program caléulato- rx, ry,rz’)
1011 format(/5x,'Is layer 1 isotropic? (y,n) 1 *,8)
1012 format(/5x,'Ia layer & isotropic? (y,n) : ’,$)
1013 format(/5x,'Is layer 2 conductivity isotropic? (y,n) : ’,¥)
1014 format(/S5x,'Is layer 2 permeability {isotropic? (y,n) : *,$)
1020 format(/5x,’Enter output file name prefix: °*,$)
1030 format(/5x,’Enter error tolerance (0-1): *,$)
1040 format(/5x, 'Enter dkx,dky : °’,$)
1060 format(/5x,’Enter rail thickness--h2 in m,freq : *,$)
1061 format(/5x,’'Enter freq : ’,8)
1062 format(/5x, 'Enter rail thickness--h2 in m: ',$)
¢ 1063 format(/Sx,’Enter l=loop A3, 2=loop v, 3I=no loop : ’,$)
¢ 1066 format(/S5x,’'Bnter himin, himax, dA3 : ’,$)
1069 format(/5x, 'Bnter gap--hl in m: ',$)
c 1072 format(/5x,'Enter vmin, veax, dv : ’,$)

Figure 21. (Continued).
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1078
1080
1081
1100
1101
1120
1121
1160
1161
1170
1180

1200
1205

1210
c 121
1220
1240
1250
1260
1265
1280
1300
1320
1321
1400
1420
2000

2008

format(/5x, ’Bater velocity--v in m/s: ’,§)

formet(/5x, 'Enter aniso. conductivity--sx,sy,sz in 3/m: ',§)
format(/5x, ‘Bnter iso. conductivity~--sxys in S/m : ’,$)
formit(/5x,'Bnter layerl aniso.rel.permea.--urlx,urly,urlg : ’,$)
format(/5x,’Enter layerl iso.rel.permea.--url : ',§)

format(/5x, 'Enter layer2 aniso.rel.permeas.--ur2x,urly,ur2g : ’,$)
format(/5x, 'Bnter layer2 isO.rel.permea.--ur2 : ',§)

format(/5x, 'Enter layerd aniso.rel.permea.--uréx,urdy,urds : ’,§)
format(/5x, ‘BEnter layeré iso.rel.permea.--uré : ',$) ’
format(/5x, 'Bnter which case, I=levitation, 2=LIN, 3I=LSN : ’,$)
format(/5x, ’Bnter which case, l=no x dependence,2-D, '
2 '2=with x dependence,l-D: ’,§)
format(/5x, 'Does source exist at z=h2+h3 (y,n) : ’,$)

format(/5x, 'Enter amp-turns for loop,tesla for Bagnet,at s=h2+h3-
2103 :°,8)

format(/5x,°’Is it a magnet? l=loop, 2=magnet : ',§)
5 format(/5x, ‘Enter pole length,pl : ’,$)

format(/5x,'Enter source length~-b3 in m: *,$)

format(/5x, ‘Enter loop leng.,width,edge loc~--b3,a3,ax3 in m: ’,$)
format(/5x, ’Enter kyol in l1/a,note w/kyO3=phase velocilty: ’,$)
format(/5x, 'Does smource exist at z=h2 (y,n),no for LIN : ',$)
format(/5x,’'Enter amp-turns at gsh2--I102 : ’,§)

format(/5x, 'BEnter long.shiftofsour. at z=h2 to z=h2+h3 in m: ’,$)
format(/5x, ‘Enter source length at z=h2--b2 in m: ',$)
format(/5x,’Enter loop leng.,width,edge loc--b2,a2,ax2 in m: *,$)
format(/Sx, 'Enter loop width,edge loc--a2,ax2 in m: ’,$)
format(2(el2.3))

format(/5x, 'kc=’,16,°nc="’,16)

format(/5x, 'Enter parameter to loop:’,
2 /5x,* 1. rail thickness h2’,
2 /5x,’ 2. source freq’,
2 /5x,° 3. rail conductivity sz’,
2 /5%, 4. rail rel.permeability--ur2’,
2 /5x,° S. gap--h3’,
2 /5%, 6. velocity~-v’,

2 /5%,° 7. wave number det. source phase velocity--kyo3’,
2 /5x,'Select (1,..,7): ’,8)

tormat(/5x,'Input error: loop parameter is OUT of range!’,

2' Please try again.’)

2010 format(/5x, ‘Enter parameter to loop:’,

2020

2050

2200
2201
2202

2 /5%, 1. rall thickness--h2°’,

2 /5%, 2. source freq.’,

2 /5x,’ 3. rail conductivity--sx’,

2 /5x,’ 4. rail rel. permeability~-ur2’,

2 /5%, 5. gap--h3’, ;

2 /5x,° 6. velocity~-v’,

2 /5x,'Select (1,..,6): ',§)
format(/5x,’BEnter parameter to loop:’,

/5x,' 1. source freqg.’,
/5x,’ 2. gap--h)’,
/5x,* 3. velocity--v’,
/5x,’ 4. wave number det. source phase velocity--kyol’,
/%x,’ S. rel longitudinal loop loc.of 2 sources--shift’,
/5x,’ 6. loop length of source at z=h2--p2°,
/5x,’Select (1,..,6): *,8)
format(/5x,’Enter min, max and stepsize for above selected’,
2’ parameter: ’,§)
format(/Sx, ’Enter gap--h3 in m,velocity~-v in m/s: ’,$)
format(/5x,'BEnter velocity--v in a/s: ’,$§)
format(/5x, 'Bnter gap——-h3 in m: ’,§$)

[CILS I VI VIR CRR VR ¥

2300 format(//5x, 'Pleass walit, calculating ....’,/)

end

Figure 21. (Concluded).
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fields at layer ) at g=h2+h3), and prepares for other layers

subroutine field(n,Xky)
include ‘mlcoam?.for’

integer*2 a

real+s kx,ky, ksl ksl , kst

complex*16é X,b,c,k22(2),k2(2),R(2),0(2)

complex*16 8,7,0,V1,V2

complex*16 temp, IlIx(2),IXIy(2),II12(2)

complext16 IIxl(2)

complex*16 Ix,1ly,Is,IVx,IVy,IVs

complex*l6 IIxo(2),XIyo(2),IIs0(2),IIx1(2},XXyl(2),IX31(2)
complextlé csinh,ccosh,p

csinh(p)=.5¢(cdexp(p)-cdexp(~p))
ccosh(p)=.5%(cdexp(p)+cdexp(=p))
d=dcmplx(0.,1.)

call source(n,ky)

if (n.eq.0) then
kx=lo-6
else
. kx=n*dix
endif
X=dcmplx(kxtkx/u2y+kytky/u2x, =(w-ky*v)*sz)
b=dcmplx(-(8x/8g+u2x/ulz)*kx*kx-(8y/8z+u2y/u2sz)*ky*ky,

2 (w-ky*v)® (sxtuly+sy*ulx))
cu(u2x*uly*X/(u2z*sg) )*dcamplx(sx*kx*kx+sy*ky*Xky,
2 =(w-ky*v)esx*sy*tulsz)

k22(1)=.5¢(-D+cdeqrt (bed—~4.%C))
k22(2)=.5¢(~b-cdegrt(bedb-4.%C))
ks(1)=cdagrt(ks2(1))

k2(2)scdsqre(ks2(2))

kx3=dagrt (kx*kx+ky*ky)
kzl=dsgret((ulx/ulz)*kxtkx+(uly/uls)*ky*ky)
kzsé=dagre((uéx/udz)*kxrkx+(udy/uds)*ky*ky)

CR(1)=( u2x*u2y*X*(u2y*ky*ky-u2s*ks2(l1)-i*(v-ky*v)*sx*tuly*u2s)+
2 u2x*u2z*kx*kx*ks2(l) )
R(1)=R(1)/( u2y*{(kxekysickx®axtveuls)* (u2x*u2y*X-u2g*ke2(l))-
2 u2z*kg2(l)*i*kx*v* (u2x*sz~sx*ul2g)) )
R(2)=( u2xtuly*X*(u2y*ky*ky-u2z*ks2(2)-i*(w-kytv)egxtuly*uls)+
2 u2x*u2srhkxrkxekg2(2) )
R(2)=R(2)/( uv2y*((kx*ky+itkx*sx*veuls)® (u2x*uly*X-u2s*ks2(2))~
2 u2g*kz2(2)*ickxve® (u2x*sz-sx*u2s)) )
Q(l1)=~ks(l)®(i*u2x*kx+(i*ky-veulx*ss)*uly*R(1)) /
2 fu2x*u2y*X)
Q(2)=-kz(2)*(i*u2x*kx+(i*ky-veu2x*ss)®uly*R(2)) /
2 (u2x*u2y*X)
Se~(0(1)0(l.-kysv/w)+ka(l)oveR(1)/(4%v)) /
2 (Qr2)*(1.~ky*v/wv)+kz(2)*v*R(2)/(i*w))
T=( csinh(kz(l)*h2)*

2 (i*ky*Q(1)-ks(1)*R(1)+8*(1%ky*Q(2)-k2(2)*R(2}))~
2 (u2xtkx/(ulz*kzl))s (kx*R(1)-ky)*
2 (ccosh(kz(l)*h2)-ccosh(kz(2)*h2)) )

T=T/( (1./S)*csinh(kz(2)*h2)*
2 (12ky*Q(1)-ka(l)oR(1)+S*(i°ky*Q(2)~-Kk2(2)*R(2)))+
2 (u2x*kx/(uls*kel))e* (kx*R(2)-Kky)*
2 (ccosh(kz(1)*h2)-ccosh(kg(2)*h2)) )

Figure 22. List of the subroutine "field7.for."
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O=( (T/8}*coinh(kz(2)*h2)-csinh(kz(1)*h2) ) /

2 ( ccosh(ksz(l)*h2)~-ccosh(ks(2)*h2) )
Vis(ickx/(weks3)) * (

2  (kx*R(1)~ky)*(ccosh(kg(l)*h2}+0scsinh(kz(1)*h2))+

2  (kx*R(2)-Xy)*(T*ccosh(ks(2)*h2)+S*0%cainh(ks(2)*h2)) )
V2s(ituotkx/(w*u2y*ky)) * (

2 (ks(1)=~L*kx*Q(l})}*(cainh(ka(l)*h2)+Usccosh(ks(l)*h2))+

2 (ks(2)-itkx*Q(2))*(T*ceinh(ks(2)*h2)+S*Usccosh(kz(2)*h2)) )

temps=((V14V2)/(V1-v2))*dexp(-2.*kz3*h3p)
IIIx(2)=(uds*kzsd*KI+(VI*X2/(V1-V2))*dexp(-kz3*h3p)*

2 (uéstkzé~uo*ksl))
2 /(dexp(ks3*h3p)*((uds/uo)* (ky*ksd/kx)*(]l.-teap)+
2 (ky*kz3/kx)=(1.+temp)})

IIx1(1)=(2.2IIIx(2)+uo*kx*K2/ky)/(V1-V2)
IIIx(])=-uotkx*X2/(2.*ky)-(V1+V2)eIlxl(1)/2.

IIx1(2)=T*IIx1(1)
-ITIxo(l)=0*IIx1(1)
IIxo(2)=S*IIxo(1)

Irso(2)=0(2)*IXIx0(2)
IXsgo(l)=Q(l)*IIxo(l)
IIz21(2)=Q(2)*IIxl(2)
Irsl(l)=Q(l)sIIxl(1)
IIyo(2)=R(2)*IIxo(2)
IIyo(l)=R(1)*IIxo(1)
IIyl(2)=R(2)*IIxl1(2)
IIyl(1)=R(1)*IIx1(1)

IIIy(l)=(ky/kx)*IXIx(1)
IIIy(2)=(ky/kx)*IIIx(2)
IIIg(l)=(i*kzsl/kx)*IIIx(1)
IIIx(2)=(~i*kz3/kx)*IIIx(2)

Bx=IIIx(1)*dexp(-ks3*h3)+ITIx(2)*dexp(ksi*h3)
By=IIXy(l)*dexp(—-kz3l*h3)+IXIy(2)*dexp(kz3*hl)
By=IIIz(l)*dexp(—kg3*h})+IlIg(2)*dexp(kzi*hl)

Ix=(i*kx*ulx/(wekzl*uls))*

2 ((kx*R(1)-ky)*IIxl(1)+(kx*R(2)-ky)*IIx1(2))
Iy=(uly*ky/(ulxtkx))*Ilx
Isw(-ivulgtksl/(ulx*kx))*Ix

temps=((V1+V2)/(V1I-V2))*dexp(-2.*kz3*h}}
IVx=(-uéx*kx/ky)*dexp(kzé*h))*

2 (K3+K2*exp(-k23*h3)*v1/(V]-V2)~-

2 (1./uo)* (ky/kx)*dexp(kelehl)*(l.~teap)*IIIx(2))
IVys(udyrky/(uéx*kx))*IVx
IVge(ituds*kzé/(ubx*kx))*IVx

return
end

Figure 22. (Concluded).
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sources K2 & K at layers s=h2 & A2+h)

subroutine source(n,ky)
include ‘alcoa’.for’

integer*2 n
real*s kx, ky
complex*16 1p3,1p2

K3=0.

K2=0.

kx=n*dkx

1p2=0.

if (case2.eq.’y’) then
1p2=102*(-2.*1i/dsqrt(2.*pi))*dsin(ky*b2/2.)

endif ’

if (caselp.eqg.l) then
1p3=103*(-2.*i/dsqrt(2.%pi))*dsin(ky*b3/2.)
else
1p3=I03*(2./dsqrt(2.%*pi))*dsin( (kyo3-ky)*b3/2.)/(kyo3-ky)
endif

if (case.eq.l) then
if (casel.eq.’y’) then
K3=lp3tdsqrt(2.*pi)
endif
if (case2.eg.’y’) then
K2=lp2*dsqrt(2.*pi)
endif
endif

if (case.eq.2) then
if (casel.eq.’y’) then
if (n.eq.0) then
K3=lp3*tal/dsqrt(2.*pi)
else
K3=(1p3/kx)*dsqrt(2./pi)*
dsin(kx*a3/2.)*cdexp(~-i*kx* (ax3-al/2.))
endif
endif
if (case2.eg.’y’) then
if (n.eq.0) then
K2=lp2*aa2/dsqrt(2.%pd)
else
K2=(1p2/kx)*dsqrt(2./pi)*
dsin(kx*aa2/2.)*cdexp(-i*kx* (ax2-aa2/2.))
endif
endif
endif

if (case2.eq.’'y’) then
K2=K2+cdexp(-i*ky*shift)
endif

return
end

Figure 23. List of the subroutine "source7.for."
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mlcom?.for

common variables share by maglev and field

implicit none

integer*2
character*!l
realx§
real=8
real+g
complex*16

case,caselp

cage2,casel
h2,h3,h3p,uvo0,pi,Wo0,8x,8y,82z,w,v,dkx
ulx,uly,ulz,u2x,uly,u2z,ud3x,uly,uiz, uéx, udy, uéz
aa2,a3,ax2,ax3,b2,b3,shift , kyo3,103,102
Bx,By,Bz,K2,K3,1i

parameter (pi=3.141592654, uo=1.2566371e-6)

common /a/
common . /b/
common /c/
common /d/
common /Je/

h2 ,h3,h3p,vo0,8x,8y,8z,w,v,dkx
vlx,uly,ulz,u2x,u2y,u2z,u3x,udy, ulz, udéx, udy, uéz
Bx,By,Bz,K2 ,K3,1i '
aa2,al,ax2,ax3,b2,b3,shift kyo3,103,102
case,case2,casel,caselp .

Figure 24. List of the subroutine "mlc.ofn?.for."
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C:\>maglev?

Enter output file name prefix: t5n
Is layer 1 isotropic? (y,n) : y
Enter layerl iso.rel.permea.--url : 1.
Is layer 4 isotropic? (y,n) : y
Enter layeré4 iso.rel.permea.--uré : 1.
Is layer 2 conductivity isotrbpic? (y/n) : y
Is layer 2 permeability isotropic? (y,n) : y
Enter which case, l=levitation, 2=LIM, 3=LSM : 1
Enter which case, l=no x dependence,2-D, 2=with x dependence,3-D: 1
Enter amp-turns for loop,tesla for magnet,at z=h2+h3--I03 :1.
Is it a magnet? l=loop, 2=magnet : 2
Enter parameter to loop:
1. rail thickness--h2
2. source fregq.
3. rail conductivity--sx
4. rail rel. permeability--ur2
5. gap--h3
6. velocity--v
Select (1,..,6): 6
Enter min, max and stepsize for above selected parameter: 0. 180.1 15.

Enter rail thickness--h2 in m,freq : 0.02 0.

Enter iso. conductivity--sxygz in S/m : 1.e6

Enter layer2 isO.rel.permea.--ur2 : 500.
Enter gap--h3 in m: 0.02
Enter source length--b3 in m: 0.5

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

Please wait, calculating ....

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




.100E-03
.150E+02
.300E+02
.450E+02
.600E+02
.750E+02
.900E+02 -
.105E+03
.120E+03
.135E+03
.150E+03
.165E+03
.180E+03

.100E-03
+.150E+02
.300E+02
.450E+02
.600E+02
.150E+02
.900E+02
.105E+03
.120E+03
.135E+03
.150E+03
.165E+03
.180E+03

.100E-03
.150E+02
.300E+02
.450E+02
.600E+02
.750E+02
.900E+02
.105E+03
. «120E+03
- +13SE+03
.150E+03
.165E+03
.180E+03

C:\>type tSn.fx

-.179E-09
.436E-06
-.343E-07
.126E-06
-.125E-06
.870E-06
.378E-06
.111E-05
-.619E-07
-.700E-07 .
-.406E-06
. 708E-07

C:\>type tSn.fy

-.298E+00
~.263E+05
-.322E+05
-.363E+05
«395E+05
~.422E+05
-.445E+05
.464E+05
.480E+05

.507E+05
-.S18E+05
-.S28E+0S

‘C}\>type tSn.fz

.153E+06
«138E+06
.126E+06
.118E+06
.112E+06
.106E+06
.101E+06
. 964E+05
. 924E+05
.886E+05
.852E+0S
.820E+05
. 790E+05

Figure 25. (b) Output of the example run.

.494E+05



t5n

AN g g e

0. 180.1 15.
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500.

0.02

0.5

n

Figure 25. (c) Batch input file "resSn" for example run (a).




C:\>maglev?
Enter output file name préfix: tés
Is layer 1 isotropic? (y,n) : y
Enter layer! iso.rel.permea.--url : 1.
Is layer 4 isotropic? (y,n) : y
Enter layer4 iso.rel.permea.--urf : 1.
- Is layer 2 conductivity isotropic? (y.,n) : y
Ig layer 2 permeability isotropic? (y,n) : y
Enter which case,-I-Ievitatién, 2=LIM, 3=LSM : 2
Enter which case, l=no x dependence,é-D, 2=with x dependence,3-D: 1
Enter amp-turns for loop,tesla for magnet ,at z=h2+h3--I03 :l.
Is it a magnet? l=loop, 2=magnet : 1
Enter parameter to loop:
1. rail thickness h2
2. source freq
"3. rail conductivity sx
4. rail rel.permeability--ur2
5. gap--h3
6. velocity—-v
7. wave number det. source phase velocxty—-kyo3
Select (1,..,7): 3 :
Enter min,'maxfand stepsize for above selected parameter: 5.e5 1.e7 1.6
Enter rail thickness--h2 in m,freq : .02 400.
Enter layer2 iso.iel.pe:nea.-furi : 500.
Enter gap--h3 in m,velocity--v in m/s: .02 135.
Enter sgsource length--b3 in m: 2.

Enter kyo3d in 1/m,note w/kyO3=phase velocilty: 15.70796327

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

Please wait, calculating ....

Figun;, 26. (a) An example run of "maglev7.exe," for caselp=2,i.c., for a LIM.
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.500E+06
.150E+07
.250E+07
.350E+07
.450E+07
.SS50E+07
.650E+07
.750E+07
.850E+07
.950E+07

C:\>type t46.

.500E+06
.150E+07
.250E+07
.350E+07
.450E+07
.550E+07
.650E+07
.150E+07
.850E+07
.950E+07

.S00E+06
.150E+07
.250E+07
.350E+07
.450E+07

C:\>type t46.£fx

fy

C:\>type t46.fz

.S50E+07 -

.650E+07
.1S0E+07
.850E+0?
.950E+07

.567E-15
.766E-15
.885E-15
.973E-15
.104E-14
.111E-14
.116E-14
.120E-14
.125E-14
.128E-14

.495E-08
.806E-08
.998E-08
.114E-07
.126E-07
.136E-07
.145E-07
.153E-07
.159E-07
.166E-07

.768E-07
. 7124E-07
.695E-07
.672E-07
.653E-07
.636E-07
.621E-07
.607E-07
.594E-07
.582E-07

Figure 26. (b) Output of the example run.




t46

QW ot e e DN S e Mg

5.5 1.67 1.086
.02 400,

500.

.02 135,

2. .
15.70796327

n

Figure 26. (c) Batch input file "res46" for example run (a).
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Ci\>maglev?
Enter output file name prefix: té
Is layer 1 isotropic? (y,n) 3 y
Enter layerl iso.rel.permea.--url : 1.
Is layer 4 isotropic? (y,n) t y
Enter layeré iso.rel.permea.--uré : 1.
Is layer 2 conductivity isotropic? (y,n) : y
Is layer 2 permeability isotropic? (y,n) : y
Bnter which case, I=levitation, 2=LIN, 3=LSN : 3
Enter which case, l=no x dependence,2-D, 2=with x dependence,3-D: 2
Enter amp-turns for loop,tesla for magnet,at s=h2+h3--I03 :1.
Is it a magnet? I=loop, 2=magnet : 1l
Enter parameter to loop:
1. source freq.
2. gap--h3
3. velocity--v
6. wave number det. source phase velocity--kyo3
5. rel longitudinal loop loc.of 2 sources--shift
6. loop length of source at z=h2--b2
Select (1,..,6): 1
Enter min, max and stepsize for above selected parameter: 0. 100. 10.
Enter rail thickness--h2 in m: .02

Bnter iso. conductivity--sxys in S/m : 0.

Bnter layer2 isO.rel.permea.--ur2 : 1.

Enter gap--h3 in m,velocity--v in m/s: .1 120.

Enter loop leng.,width,edge loc--b3,al,ax3 in m: 10. .5 .25
Bnter kyol in 1/m,note w/kyO3=phase velocilty: 3.141592654
Does source exist at s=h2 (y,n),no for LIN : y

Enter amp-turns at z=h2--I02 : 1.

Enter long.shiftofsour. at z=h2 to z=h2+h3 in m: 2.

Enter loop leng.,width,edge loc--b2,a2,ax2 in m: 1. .5 .25

Please vait, calculating ....

Figure 27. (a) An example run of "maglev7.exe," for case1p=3, i.c., for a LSM.
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.000E+00
.628E+402
.126E+403
.108E+03
.251E+403
. 3148403
«3772+03
.440E+03
.5032+03
.565E+03
.628E+03

.0002+00
.628E+02
+126E+03
.188E+403
.251E+03
.314E+03
.3772+403
.440E+03
.S03E+03
.S565E+03
.628E+03

.000E+00
.628E+02
.126E+03
.188E+03
.251E+03
+314E+03
.3772+013
.440B+023
.S03E+03
.S65E+02
.628R+0)

C:\>type t6.£fx

C:\>type t6.fy

C:\>type té.£f2
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.000E+00
-.5708-17
-.198E-16

.498E-16
-.272E-16
-0266!-1‘
-,221B-15
-01673-16
-.1058-16

+111E-16
-,215E-17

=.303E-16
-.101E-08
-.222E-08

.682E-08
=.430E-08
-.467E-08
=.443E-07
=.366E-08
-.258E-08

+298E-08
-.633E-09

-.109E-06
-.194E-07
+210E-07
.2112-10
-.205E-07
+184E-07
+121E-08
-.110E-07
+717E-08
.122E-10
-.154E-08

Figure 27. (b) Output of the example run.
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10. .5 .25
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Figure 27. (c) Batch input file "res6" for example run ().
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in file "tSn.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", the 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 "resSn",

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 uyy + §¥ Uyy +2Z uy, has been assumed) in the ith layer, i =1, 2, 4, j=x,
Y.z '

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

Hjl = j-th component of the magnetic field intensity at the interface of layers 3 and 4, j =
X, ¥, 2 :

Fj = j-th component of the force exerted on layer4,j=x,y, z

kyo, f, v = wave number, frequency of the source current, and velocity of the vehicle
( Note, kyo*b3/2 has to be multiples of x)



The variable names introduced in Section 2.0 are mostly preserved in the subroutine
"field7.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” 510'6, and "a - dkx" (or
"b « dky") <0.1 will give reasonably accurate results. In the above conditions, "a" represents "a3"
and "aa2", ;nd "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 are 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 (i.e., 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
casem: =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 are 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/jly magnetization, and those of Figures 26b and 27b have I, = 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 fy 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 25¢, 26¢ and 27¢. 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.c.,
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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 LIM

layer 1: air, or, soil, L = po, 6 =0

layer 2: reaction rail, i = l,, or high p (e.g., 100 po)
6=105-107 S/m

layer 3: air, = o, 6 =0,

layer 4: laminated iron, 6 = 0, high |, or air, g = 15, 6 = 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(=w/2x) and phase
velocity vph = (a/kyo) 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(kyob/2) is O (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, ury,
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.c., Figure 27)

Similar to a LIM, layer 1 for a LSM will also be a free space with p = iy, 6 =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 laycts' 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"
o 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 run 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 "y" 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: .

field6.for: for calculating the fields in the transformed domain (, k) at locations of intcrégt by
implementing most of the equations in Section 2.0 before Eq. 14

source6.for: for implementing the source equation of Eq. 16
shcom6.for: for setting up all the common variables

swap6.for: for swapping source variables of the primary source and the active shielding source
’ so that same field calculation subroutine can be used

shield6.for: the main program to calculate the magnetic field intensities at locations of interest,
cither 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 MAGLEY force codes as given in
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ana60n

program shield
include ’‘shcomé.for’

integer+2 a.k,nc,kec,dn,dk,loopvar
charactert] 1sol,is06,1802u,i8028
character*ld name

reales kx,ky,dky,%,y,tvopl,error,Plintg,Péintg,Plsun, Pésun
realts pnl,Pné,lvmin,lveax,dlv,lv,kycond kxcond,Blmag ,Bémag
real+8 urix,urly,urls,ur2x,ur2y, ur2g,uréx,urdy, urés

reale*s url,uré,ur,sxys,freq

coaplex*16 8x1,Hxé,8yl,Hyd ,Hul B34,termn,ernk, teaplx, tenply
complext16 Hxnl ,Hxné,H8ynl ,Hyndé ,Hznl ,Azné,teapls,teapix, tempéy
complex*16 Hxlintg,dylintg,Aslintg,Hxlsum,Bylsun,Hzlsum,tempis
complex*16 Hxéintg, Hyéintg Hzéintg Hxésua, Bydsun, Asésun

call clr_scr

bl_1=0.

bl _2=0.

.3_1-0 . . -
a3 _2=0.

" write(6,1020)

read(5,’(a)’) name

. write(6,1030)

read(5,*) curr_1 .

write(6,1035)

read(S,*) error

write(6,1040)

read($,*) dkx,dky

error=1.0e-6

wrice(6,1070)

read(5,t) freq,v

write(6,1075)

read(5,’(a)’) isol

if (isol.eqgq.'’'y’) then
write(6,1108)
read(5,*) url
ulx=url*uo*l.000001
uly=url*uo
ylg=url*uo*0.999999

olse
write(6,1100)
read(5,*) urlx,urly,urls
ulx=urlx*uo*l.000001!
uly=urly*uo
ulg=urlz*uov0.999999

endif

write(6,1077)

read(5,’(a)’) disod

if (iscé.eq.’y’) then
write(6,1165)
read(5,*) uré .
udx=uré*uo*0, 999999
udy=uré*uo*l.000001
ués=uré®uo '

else
write(6,1160)
read(5,*) urdéx,urdy,urds
udx=uréx*uo*0.99999%
udysuréy*uo*1.000001
ufz=urd g*uo

Figure 28. List of the main program "shield6.for."
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10

else

endif

write(6,1086)

read(5,'(a)’) isods

1t (iso2s.eq.’y’) then
write(§,1085)
read(5,*) sxys
sx=sxyz*l.000001
sy=8xyg*0.999999

ss=axys

write(6,1080)
read(5,*) sx,sy,ss
endif
write(6,1087)
read(5,'(a)’) iso2u
write(6,1180)
read(5,*) case

write(6,2000)

read($,*) loopvar

if (loopvar.le.0 .or. loopvar.gt.8) then
write(6,2010)
goto 10

endif

wvrite(6,2050)

read(5,*) lvmin,lvmax,dlv

if (loopvar.eq.l) then
write(6,1053)
read(5,*) y,=z
write(6,1060)
read(5,*) h2,h3_1
write(6,1031)
read(s,*) curr_ 2
if (iso2u.eqg.’'y’) thea
wvrite(6,1128)
read(5,*) ur2
else
wvrite(6,1120)
read(5,*) ur2x,urdy,urs
endif
else if (loopvar.eq.2) then
write(6,1054)
read(5,*) x,x
vrite(6,1060)
read(5,*) h2,h3 1
write(6,1031)
read(5,*) curr_2
if (iso2u.eq.’y’) then
write(6,1125)
read(S,*) ur
else
write(6,1120)
read(5,*) ur2x,ur2y,ur2s
endif
else it (loopvar.eq.3l) then
write(6,1052)
read(5,*) x,y
wvrite(6,1060)
read(5,*) h2,h3_1

Figure 28. (Continued).
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505

wvrite(6,1031)
read(s,*) curr_2
if (iso2u.eq.’y’) then
write(6,1125)
read(s,*) ur
olse
write(6,1120)
read(5,*) ur2x,ur2y,urds
endift
else if (loopvar.eq.4) then
write(6,1051)
read(5,*) x,y.s
write(6,1061)
read(5,*) h3_1
vrite(6,1031)
read(5,*) curr_2
if (iso2u.eq.’y’) then
wvrite(6,1125)
read(5,*) ur2
olse
write(6,1120)
read(5,*) ur2x,ur2y,ur2s
endif
elge 1if (loopvar.eq.5) then
write(6,1051)
read(5,*) x,y,2
write(6,1062)
read(5,*) h2
write(6,1031)
read(5,*) curr_2
if tiso2u.eq.'y’) then
write(6,1125)
read($,*) ur2
else
wvrite(6,1120)
read(5,*) ur2x,ur2y,urs
endif
else if (loopvar.egq.§) then
write(6,1051)
read(5.,*) x,y,3
write(6,1060)
read(5,*) h2,h3_1
write(6,1032)
read(5,*) curr_2
if (curr_2.eq.0.) then
write(6,2100)
goto 505
endif
if (is02u.eq.’y’) then
write(6,1125)
read(5,*) ur2
else
wvrite(6,1120)
read(5,*) ur2x,ur2y,urlsz
endif
else if (loopvar.eq.7) then
vrite(6,1051)
read(5,*) x,y,%
wvrite(6,1060)
read(s,*) h2,h3_1

Figure 28. (Continued).
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write(6,1031)
read(5,*) curr_2
olse if (loopvar.eg.8) then
write(6,1051)
read(s,*) x,y,s
vrite(6,1060)
read(5,*) h2,h3_1
if (isoc2u.eq.’'y’) then
write(6,1125)
read(5,%) ur2
olse
wvrite(§,1120)
read(5,*) ur2x,ur2y,ur2s
endif
wvrite(§,1065)
read(5,*) h3_2,shift_ 2
if {case.eqg.l) then
vrite(6,1220)
read(5,*) b3_1
write(6,1225)
read(5,*) b3 2
else if (case.gt.l) then
write(6,1240)
read(5,*) b3_1,a3_1,ax3_1
write(6,1245)
read(5,*) b3_2,a3_2,ax3_2
endif
endif

if (loopvar.ne.?7) then
if (iso2u.eq.’'y’) then
u2x=ur2*uo
u2y=ur2*uo*0.999999
u2g=ur2*tuo*] .000001
else
u2x=ur2x*uo
u2y=ur2y*uo*0.999999
u2z=ur2z*tuo*l.000001
endif
endif

if (loopvar.ne.8) then
if (curr_2.ne.0.) then
if (loopvar.ne.6) then
write(6,1065)
read(5,*) hl_2,shift 2
else
write(6,1066)
read(5,*) shift 2
endif
endif
if (case.eq.l) then
wvrite(6,1220)
read(5,*) b3_1
if (curr_2.ne.0.) then
write(6,1225)
read(5,*) b3_2
endif
else if (case.gt.l) then
write(6,1240)

Figure 28. (Continued).
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read(5,*) b3_1,a3_1,ax3_1
if (curr_2.ne.0.) then
write(6,1245)
read(5,*) b3_2,a3_2,ax3_2
endif
endif
endif

write(6,2200)

open(unite=l]l,file=name//’ .Ax’,status=‘unknown’)
open(unit=12,file=name//’.Hy’,status='unknown’)
open(unit=13,file=name//’.Hs’,status='unknown’)
open(unit=l4,file=name//’.Hm’,status='unknown’)

do 99 lv=lvamin,lvmax,dlv

if (loopvar.eq.l) then
x = lv

else if (loopvar.eq.2) then
y=1v

else if (loopvar.eq.3) then
g = lv

else if (loopvar.eg.4) then
h2 = lv

else if (loopvar.eq.5) then
A3 1 = 1v

else if (loopvar.eg.6) then
A3 2 = 1v

else if (loopvar.eg.?) then
ur2x = lv
ur2y = lv
ur2g = lv
u2x=ur2x*uo
u2y=ur2y*uo*0.999999
u2g=ur2sz*uo*l.000001!

else if (loopvar.eq.8) then
curr_ 2 = lv

endif

wv=2.0*pi*freq

if (v.eq.0.0) then
wv=].0e-6

endif

if (v.eq.0.0) then
vs].00-6

endif

if (h2.9.0.0) then
h2=]1.0e-6

endif

if (sx.0q.0.0) then
sx=].0e-6

endif

if (sy.eq.0.0) then
sy=1.000001e-6

endif

if (s2.09.0.0) then
82=0.999999%¢~6

endif

dky=0.05/b3_1

if ((curr_2.ne.0.0) .and. (b3_2.gt.b3_1)) then

Figure 28. (Continued).
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dky=0.05/b3_2
endift
dkx=0.08
if (case.eq.2) then
dkx=0.05/83_1
if ((curr_2.ne.0.0) .and. (a3_2.gt.a3_1)) then
dkx=0.05/a3_2
endif
endif

shift_l1=0.
kcm=1
if (z.1t.0.) then
hl » g
Hxlsum=0.
Bylsum=0.
Hglsum=0.
olse
h = g
Axdsum=0.
Hydsum=0.
Hzésum=0.
endif
check for convergence in ky
if (2.1t.0.) then
kycond = Plintg-(error*Plsunm)
else
kycond = Péintg-(errort*Pésum)
endif
if ((kycond.gt.0.) .or.
(kc.eq.~1).or.
_(((kc*dky*b3_2).1¢.70.).and. ((kc*dky*b3_1).1t.70.))) then
kc=kc+l
if (kc.eqg.0) then
dk=1
olse
dk=2+*kc .
endif

do 180 k=-kc,kc,dk
ncw==]
if (2.1t.0.) then
Axlintg=0.
Hylintg=0.
Hzlintg=0.
else
Hxéintg=0.
" Byéintg=0,
Hgéintg=0,
endif
if (k.ne.0) then
ky=k*dky
else
ky=1.0~6
endif
check for convergence in kx
if (2.1¢.0.) then
kxcond = Pnl-(error*Plintg)
olse
kxcond = Pnd-(error+Pdintg)

Figure 28. (Continued).
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N NN

endif
42 ((kxcond.gt.0.) .or.
(nc..q-'l) Y -J &%
((case.ne.l).and.
(((nc*dkx*a3_2).1¢.70.).and.((nc*dkx*a3_1).1¢.70.)))) then
nc=anc+}
if (nc.eq.0) then
dn=}
else
dn=2*nc
endif
if (=.1t.0.) then
templx=0.
temply=0.
templz=0.
else
t.lplx‘ﬂ.
tempdy=0.
tempd z=0.
endif
do 200 n=-nc,nc,dn
if (n.ne.0) then
kxunedkx
else :
kx=1,0-6 5
endif
call swap(l)
call field(n,ky)
if (2.1¢.0.) then
Hxnl=Bx1/uo
&ynl=Byl/uo
Hznl=Bgl/uo
- else
Hxné=Bx4 /uo
Byné=Byé /uo
Hzné=Bzé /uo
endif

if (curr_2.ne.0.) then
call svap(2)
call field(n,ky)
if (2.1t.0.) then
Bxnl=Hxnl+Bxl1/uo
Hynl=Hynl+Byl/uo
Hanl=Hznl+Bgl/uo
else
Hxné=Hxnd+Bx4 /uo
Hyné=HByné +Byd /uo
HBzné=Hzné+Bzd /uo
endif
endif

teran=cdexp(i*kx*x)

if (s.1t.0.) then
teaplx=templx+8xnletermn
teaply=temply+Bynleteran
teaplz=templs+Hznl*ternn

else
teapix=teapéx+Hxnd*teran
tempdy=tempdy+Hynd *termn

Figure 28. (Continued).
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200

180

teapd s=tempda+Asnd*toran
endif
coantinue
if (5.1¢.0.) then
Hxlintg=fxlintg+teaplx
HylintgeHylintg+teaply
Hzlintg=Hzlintg+teapls
Pal=dagrt(cdabs(templxt*2+temply**2+templz**2))
Plintgedsqrt (cdadbs(Hxlintge*2+Hylintge*2+
Hzlintge+2)}
olse
Hxéintg=Hxéintg+tempéx
Hydintg=Rydintg+temply
HzéintgeHzéintg+tempés
Pné=dsqrt(cdabs(tempixt*2+tenpéy**2+tempiéz**2})
-Pdintgedsqrt (cdabs(Bxéintg**2+Hydintgee2+
Hzéintge+*2))
endif
if (case.eq.l) then
dkx=1.
if (=.1t.0.) then
Pnl=0.
eolse
Pné=0.
oendif
endit
goto 60
oendif
termk=cdexp(i*ky*y)
if (s.1¢t.0.) then
Ax!sun=Hx]sustixlintg*termk
Hylsum=Hylsum+8ylincg*termk
Hzlsum=fzlsum+dzlintg*ternk
olse
Hxdsun=Hxdsum+Axd intg* termk
Hydsun=HydsumtHydintg*termk
Hzésum=Hzésum+Hzd intgr tormk
endif
continue
if (s.1t.0.) then
Plsum=dsqrt(cdabs(Axlsus**2+Hylsunt*2+Hzlgumt*2))
else
Pésumsdsqrt(cdabs(Hxdsunt*2+Hydsuat*2+Hzdsum**2))
endif
goto 50
endif
tvopi=2.*pi
if (2.1t.0.) then
Hxl=Bx]sum*dky*dkx/twopd
Byl=Hylsum*dky*dkx/twopl
Hal=Hzx]lsumrdky*dkx/twopi
Hlaag=dagrt (cdabs(Hx1**2+Hyl**2+Hx1%*2})
write(l11,1600) 1lv Bxl
write(l12,1400) 1lv, 8yl
write(13,1400) lv, Hzl
vrite(14,1410) lv,Hlmag
olse
Hxd=HEx4sum*dky*dkx/twvopl
Hyd=Hydsum*dky*dkx/twopd
Hxé=Hxésum*dhky*dkx/tvopi

Figure 28. (Continued).
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Hémag=dsqrt(cdabs (Axd**2+Hyd**2+Hgd**2))
write(11,1400) 1lv,Axé
write(12,1400) lv,Byé
write(13,1400) lv, Hsdé
write(14,1410) lv,Hémag
endif

99 continue
close(ll)
close(12)
close(l3)
close(14)

c write(6,1530) kc,nc

¢ Format statements :

1000 format(

1 ls"'......'.....'.t.....".'..'...".........'.’

’
2/15x,°* .,
3/15x,°* PROGRAN : SHIBLD .,
4/15x,°* .,

3/13""...'-..........'.'.'.'........'..".......')

1010 format(/5x, 'This program calculates Hx,Hy,Hz’)
1020 format(/5x, 'Enter output file name: ’,§)
1030 format(/5x,’'Bnter source curr_l ,not=0,in amp-turns: ’,$)
1031 format(/5x,’Bnter shield curr_2, in amp-turns: ',$)
1032 format(/5x,’Bnter shield curr 2 ,not=0,in amp-turns: ’,§)
c 1035 format(/5x,’'Bnter error tolerance (0-1) : ’,$)
c 1040 format(/5x, 'Bnter dkx,dky : ’,$)
1051 format(/5x,’'Bnter field loc. x,y,s 4in m: ',§)
1052 format(/5x,’Bnter field loc. x,y in m: ’,$)
1053 format(/5x,'Bnter field loc. y,s in m: ’,§)
105¢ format(/5x,'Bnter field loc. x,3 in m: ',§)
¢ 1055 format(/5x,’'Bnter hl hé : ’,§)
1060 format(/5x, 'Bnter shld thick--h2;height of curr_l--h3_1 in m: ’,$)
1061 format(/5x,’'Bnter height of curr_l--h3_ 1 in a: ’,$)
1062 format(/5x,’'Bnter shield thickness--h2 in m: ’,§)
1065 format(/5x,’'Bnter heightéy-coord.of curr_2--h3_2,shift,inm : ’,§)
1066 format(/5x,’'Bnter y-coord. of curr_2--shift in m: ’,§)
1070 format(/5x, ‘Enter freqkvelocity--freq in herts,v in m/s: ’,$)
1075 format(/5x,'Is layer 1 isotropic? (y,a) : *,$)
1077 format(/5x,'Is layer & isotropic? (y,a) : ’,$)
1080 format(/5x,’'Bnter aniso.conductivity--sx,sy,sz in S/m: ',$)
1085 format(/5x, 'Bnter iso.conductivity--sxys in S/m : ’,§)
1086 format(/5x,’'Is layer 2 conductivity isotropic? (y,a) : ’,$)
1087 format(/5x,’Is layer 2 permeability isotropic? (y,n) : ’,$)
1100 format(/5x,’Bnter layerl aniso.rel.permea.--urlx,urly,urls : ’,$)
1105 format(/5x, 'Bnter layer! iso.rel.permea.--url : ’,$)
1120 format(/5x,'Bnter layer2 aniso.rel.permea.--ur2x,urly,ur2s : ’,$)
1125 format(/5x, 'Bnter layer2 iso.rel.permea.--ur2 : ',§)
1160 format(/5x,’'Bnter layeré aniso.rel.permea.--urdx,urdy,uréz : ’,$)
1165 format(/Sx, 'Bnter layerd iso.rel.permea.--urd : ’,$)
1180 format(/5x,’'Enter which case, l=no x dependence(2-D), ’
2 ‘2ewith x dependence(3-D): ’,$)
1220 format(/5x,‘'EBnter source loop length--b3 1 in m: ’,§)
1225 format(/5x, 'Enter shield loop length--b3 2 inm : ’,§)
1240 format(/5x,’Bnter sour.loop lngth,wdth,edge loc--b3,a3,ax3 in m:’,$)
1245 format(/Sx,’Bnter shld.loop lngth,wdth,edge loc--b3,a3,ax3 in m:’,§)
1400 format(el2.3,2(el2.3))
1410 format(2(el2.3))

Figure 28. (Continued).
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¢ 1530 format(/5x,’kc=’,46,’ nc=’,16)

1460 format(i5,£10.3,3(e12.3))

2000 format(/5x, ‘Enter parameter to loop:’

/5%, 1. tield loc x~coord.x,’

/5%, 2. field loc y~coord.y,’

/5%, 3. tield loc sg~coord.s,’

/5%, 4. shield thickness, h2,’

/5x,” 5. source loop height,h3_1,’

/5x,’ 6. shield loop height,hl_2,’

/5x,* 7. shield relative permeability,ur2,’

/5x,’ 8. shield current,curr_2,’

/5x, ‘Select(l,..,8)t ',8)

2010 format(/5x, 'inpuc error: loop parameter is OUT of range!’,
2’ Please try again.’)

2050 format(/5x,’'Enter min, max and stepsize for ebove selected’,
2' parameter: ’,$)

2100 format(/Sx,’'Input Error: curr_2 CANNOT be sgeroil’,
2’ Please try again.’)

2200 format(//5x,’Please wvait, calculating ....°’,/)

end

[ YO SO VI V3R S SO Ol Y

Figure 28. (Concluded).
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fields at layer ! at s=hl & layer 4 at s=i¢

subroutine field(n,ky)
include ‘shcomé.for’

integer*2 a

realss kx,ky, k2l ,kz3 ,kzé,term] ,tormé

complex*16 X,b,c,kz2(2),kz(2),R(2),0(2)

complex+16. 8,7,0,V1,V2

complex*16 temp,l1IIx(2),11Iy(2),1II2(2)

complex*16 IIxl(2)

complex*16 Ix,Iy,Ix,IVx,IVy,IVx

complex*16 IIxo(2),IIyo(2),IIsz0(2),IIx1(2),IXyl(2),XI21(2)
complext*16 csinh,ccosh,p

csinh(p)=.5%(cdexp(p)-cdexp(-p))
ccosh(p)=.5%(cdexp(p)+cdexp(-p))
d=dcmplx(0.,1.)

call source(a,ky)

if (n.eq.0) then
kx=le-6
else
kx=n*dkx
endif
X=dcmplx(kx*kx/u2y+ky*ky/u2x, =(w-ky*v)*ss)
badcaplx(-(8x/8x+u2x/u2z)*kx*kx-(8y/ss+uly/u2s)*Ky*ky,

2 (v-ky*v)* (sx*u2y+8y*u2x))
c™(u2x*uy*X/(uiz*ss)) 'dc.plx(ax'kx'kx*ly'ky'ky,
2 ~(v-kytv)taxtsy*tuls)

kz2(1)=.5*(-D+cdsgrt(brd~-4.%¢c})
kg2(2)=.5¢({-D~cdsqgrt(b*b~-4.%c)) .
kg(l)=cdegrt(ks2 (1))

kx(2)=cdeqrt(kz2(2))
kz3=dsqre(kxtkx+ky*ky)
kzl=deqre((ulx/uls)*kxtkx+(uly/ulg)*ky*ky)
kzé=dsqre((uéx/udsg)tkxtkx+(udy/uds)*ky*Xky)

R{l)=( u2xru2y*X*(u2y*kytky~-u2s*ksd(1)-i*(v-ky*v)*axtu2ytu2s)+
2 u2xru2z*ikxrkx*kz2 (1) )
R(1)=R(1)/( u2y*((kx*ky+i®tkx*gx*v*rulg)® (u2x2uly*X-u2s*ks2(1))~
2 u2ztks2(1)sivkxeve (u2x*ss-sx*u2s}) ) '
R{2)=( u2x*uytX*(u2y*kytky~-u2zs*ks2(2)-1i* (v-ky*v)esx*uly*tuls)+
2 u2xsulztkx*kx*kz2(2) )
R(2)=R(2)/( u2y*((kx*Xky+i*kx*sx*veulg)* (u2x*uly*X-u2z*kz2(2))-
2 u2z*tks2(2)*irkxvve (u2x*sg~sx*us)) )
Q(l)w-ka(l)*(iv*u2x*kx+(itky-veu2x*gg)*uy*R(1)) /
‘2 (u2x*uly*X)
0(2)m-kg(2)*(i*u2xtkx+(itky-veu2xtes)*uly*R(2)) /
2 {(u2x*u2y*X)
S==(Q(1)*(1.~ky*v/v)+ks(1)*v*R(1)/(1%v)) /
.2 (Q(2)*(1.~ky*v/v)+ke(2)*v*R(2)/(i*w))
Te( csinh(kz(1)2h2)*

2 (i*ky*Q(1)-ke(1)*R(1)+8*(i*ky*Q(2)-ks(2)*R(2)))~
2 fu2x*kx/(uls*ksl)}* (kx*R(1)~ky)*

2 (ccoshitkz(1)*h2)~ccosh(kz(2)*h2)) )

TeT/( (1./S)*cainh(kz(2)*h2)*
2 (i*ky*Q(1)-ks(1)*R(1)+S% (i*ky*Q(2)-k2(2)*R(2)))+
2 (u2x*kx/(uls*kzsl)}*(kx*R(2)~Kky)*
2 (ccosh(ks(1)*h2)-ccosh(kz(2)*h2}) §

Figure 29. List of the subroutine "field6.for."
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sources K3 at layer 3 z=h2+h3

subroutine source(n,ky)
include ’‘shcomé.for’

integer*2 n
real=g kx , ky

K3=0.

if (case.eqg.l) then
endif

if (case.eq.2) then
if (n.eq.0) then
kx=1.e-6
K3=(-i/pi)*dsin(ky*b3/2.)*a3
else
kx=n*dkx .
K3=(-2.*i/(kx*pi))*dsin(ky*b3/2.)*
dsin(kx*a3/2.)*cdexp(-i*kx* (ax3-a3/2.))
endif
endif

K3=K3*curr*cdexp(-i*ky*shift)

return
end

Figure 30. List of the subroutine "source6.for."
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gwapping parameters for shielding calculating

subroutine swap(loop)
include ‘shcomé.for’

integer*2 loop

if (loop.eg.l) then
h3=h3 1
a3=al_1
ax3i=ax3 1
b3=hb3_1
shift=shift 1
curr=curr_l

endif

if (loop.eg.2) then
h3=h3_2
a3=al3_2
axj=ax3 2
b3=b3_2
shift=ghift 2
curr=curr 2

endif

return
end

Figure 31. List of the subroutine "swap6.for."
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shcomé . for
common variables share by shield, field, source, svap

implicit none

integer*2

real*8
real+*8
real*8
realx*8

complex*16

case
dkx,hl,hé,h2,h3,h3_1,h3_2,u0,pi,sx,8y,82Z,%,v,2
ulx,uly,ulz,u2x,uy,u2z,u3x, u3y,u3z, uéx,udy, uéz
al3,ax3,b3,shift,curr,curr_1,curr_2
a3_1,ax3_1,b3_1,a3_2,ax3 2,b3_2,shift_l,shift_2
Bx4 ,Byé,Bz4,Bx! ,Byl Bzl ,K2,K3,1i

parameter (pi=3.141592654, uo=1.2566371e~6) .

common
common
common
common
common
common

/a/
/b/
/e/
/d/
/d/
/e/

dkx,hl, hé,h2,h3,h3_1,h3_2,8x,8y,82,¥,v,2
ulx,uly,ulz,u2x,u2y,u2z,udx,udy,udz, uéx,uéy, uéz
Bx4 ,By4,Bz4,Bx1,8y! , Bzl K2 ,K3,1
a3,ax3,b3,shift,curr,curr_1,curr 2

aj_1l,ax3 1,b3_1,a3_2,ax3_2,b3_2,shift_1,shift 2
case

Figure 32. List of the subroutine "shcomé6.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_1) and the "possible™ passive shielding layer 2. It
should also be noted that for most shielding application @ (or f) 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 of the
‘normalized magnetic field intensity (H/I,, dimension m'l) in the second column as i function of the
looping parameter (ur2, for this example) in the first column. The suffix "hm" of the output file
name is to indicate magnitude of the H field. The program will also output the field components.in
X, y, and z directions, For those field components, the file suffixes will be "hx," "hy," and "hz,"
respectively. The corresponding batch input file is given as Figure 33c. '



Ci:\>shield6
Enter output file name: tsl9
Enter source curr_1l ,not=0,in amp-turns: 1.
Enter fregkvelocity--freq in hertz,v in m/s: 0. O.

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

(1]
L]
.

Enter layerl iso.rel.permea.--url
Is layer 4 isotropic? (y,n) : y
Enter layer4 iso.rel.permea.--urd : 1.
Is layer 2 conductivity isotropic? (y.,n) : y
Enter isd.conductivity--sxyz in S/m : 1l.e6
Is layer 2 permeability isotropic? (y,n) : y
Enter which case, l=no x dependence(2-D), é=with x dependencefJ-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. gshield thickness, h2,
5. source loop height,h3_1,
6. shield loop height,h3_2,
7. shield relative permeability,ur2,
8. shield current,curr 2,
Select(l,..,8): 7
Enter min, max and stepsize for above selected parameter: 1. 1001. 100.
Enter field loc. x,y,z inm: 0. 0. -1.5
Bnter shld thick--h2;height of curr_l--h3_1 in m: .02 .4

Enter shield curr_ 2, in amp-turns: ~.2

Enter height&y-coord.of curr_2--h3_2,shift,in m : .1 0.

Enter source loop length--b3_1 in m: 1.

Enter gshield loop length--b3_2 in m : .5
Please wait, calculating ....

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

- «100E+01 .345E-01
.101E+03 .197E-01
.201E+03 «144E-01
.301E+03 .115E-01
+401E+03 . 964E-02
.501E+03 .832E-02
.601E+03" .T734E-02
.T01E+03 .657E-02
.801E+03 .596E-02
.901E+03 .S45E-02
.100E+04 .503E-02
(b) Output of the example run.

Figure 33.
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Figure 33. (c) Batch input file "res19" for example run (a).

88




REFERENCES

J. Harding, "Progress in Magnetic Suspension Applied to High Speed Ground
Transportation,” 17th Annual Conference on Magnetic Matenials, Chicago, Illinois, Nov.
1971.

H.H. Koim and R.D. Thornton, “Electromagncuc Flight," Scientific American, Vol. 229,
No. 4, Oct. 1973.

Special Issue on Ground Transportation for the Eighties, Proc. of IEEE, Vol. 61, No. 5,
May 1973, '

R.H. Bocherts, et al.,

T . . ensions For Hicl
FRA-OR&D-74-42, DOT, FRA, Washington, D.C,. April
1974. '

R.H. Bocherts, mmmmﬂmHSﬂMm&mmSmms_LAmm
FRA-OR&D75-75, DOT, FRA, Washington, D.C., Feb. 1975.

Pmloo-Ford Corporauon, QoncsmmLDmmndAnﬂxsm_ths_Imk:dMaan:mnx

A_F_,FRA 0R&D—75-21A DOT,FRA Washmgton,D C Feb. 1975.
J.D. Muhlenberg, et al.,

, FRA-OR&D-75-61 DOT FRA, Washmgton D.C., March
1975.

M. Morishita, "A New Maglev System for Magnéticallchvitated Carrier System," IEEE
Trans. on Vehicle Technology, Vol, 38, No. 4, Nov. 1989.

T.C. Wang, Private Communication.



06

APPENDIX A. More Descriptions for Variables and Symbols Used in the Main Text*

YARIABLE
Kij» i =124, J = XY,Z

HKrijs i=124,j=xy2

Ho(=Rij/Krij)

oj (j=x,y,2)

Fj, i=x,y,z

b(s) [b2]**

a(3) [a2]

CODED SYMBOL
uij

urij

uo

sj

- kyo3

w
v

h2
h3

b3, b2 longitudinal (in the traveling (y-) direction)
dimensions of the sources at interfaces of

a3, aa2 transverse (x-) dimensions of the sources

DEFINITION

permeability of the j-th component

in the i-th layer
relative permeability of the

j-th component in the i-th layer

free space permeability

conductivity of the j-th
component in the 2nd layer

force in the j-th direction

wavenumber of the traveling
wave source (at the
interface of layers 3 & 4)

radian frequency of the source

velocity of the vehicle

thickness of layer 2
gap width

layers 3,4 [layers 2,3]

at interfaces of layers 3,4
[layers 2,3)

UNIT

henry/m

unitless

henry/m

S/m

newton

1/m

radian \
m/s

*SI units are used through the codes, also refer to Figure 3 and pages 8, 40 in the main text.
sscorresponding definition is also indicated inside [ ].
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shift

ax3 [ax2]**

case

caselp

case2 [casel]

casem

*SI units are used throughout the codes, also refer to Figures 3 and pages 8, 40 in the report

APPENDIX A - CONT'D*
DEFINITION

longitudinal (y-) coordinate of the
center of the source at interface
of layers 2,3

transverse (x-) coordinates of the
edges of the sources-at interfaces of
layers 3,4 [layers 2,3]

=], for x-independent

=2, with x-dependence

=1, for levitation application

=2, for LIM application

=3, for LSM application

="y", when source exists at interfaces
of layers 2,3 [layers 3,4]

="n", when no source at interface of
layers 2,3 [Iayer_s 3,4]

=1, for current loop source
=2, for magnet source

**corresponding definition is also indicated inside [ ).

unitless

unitless

character

unitless



(4

YARIABLE
(& CODED SYMBOL)

b3_1 [b3_2])**

ad_1 [a3_2]

shift_2

ax3_2
(ax3_1=0.5 -a3_1)

. curr_2

(curr_1=1)

h3_1 [h3_2]

APPENDIX A--CONCLUDED*

DEFINITION

logitudinal (y_) dimensions of the primary
source [the shielding loop]

transverse (x-) dimensions of the primary
source [the shielding loop]

longitudinal (y-) coordinate of the
"center of the shielding loop
- (center of the primary source is the origin)

transverse (x-) coordinate of the
.edge of the shielding loop 1

amperse-turn of the
shielding loop
(1 amp-turn is assumed for the primary source)

heights of the primary source [the shielding
loop] from the shielding layer

amp-turn

*S1 units are used throughout the codes, also refer to Figures 3 and pages 8, 40 in the report
**corresponding definition is also indicated inside [ ).
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