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[57] ABSTRACT 
An electromagnetic suspension and guide system for 
magnetisellx ssspeadsixehislss semi-2152s esqpport 
or track along which the vehicle is displaceable and is 
provided with an armature rail of magnetically perme 
able material (e.g., a ferrous metal), while the vehicle 
is provided with at least one electromagnet'cooperat 
ing with this armature rail. The electromagnet has a 
core of U-pro?le, the arms or shanks of which reach 

toward theazmature rails whichis?hawiss of U-Pm?le 
whose shanks reach toward the electromagnet. The 
shagsxoilthese twornembers overlap and the shanks 
of one member are'in'c'lined’toward‘the shanks of the 
other. The shanks oif?the armaturelnernhermav reach 
‘into the__s_prace ‘between the shanks of the core’ member 
of vice versa. 

10 Claims, 10 Drawing Figures 
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ELECTROMAGNETIC SUSPENSION AND/OR 
GUIDE SYSTEM ESPECIALLY FOR 

MAGNETICALLY SUSPENDED VEHICLES 

FIELD OF THE INVENTION 

The present invention relates to magnetic suspension 
and guide systems and, more particularly, to an electro 
magnetic suspension or guide system for magnetically 
suspended vehicles. 

BACKGROUND OF THE INVENTION 

In recent years considerable effort has been ex 
pended in attempts to devise mass transportation and 
high-speed transportation systems without the disad 
vantages of conventional arrangements. For the most 
part, any transportation system of this type must com 
prise a track or support which is located above grade, 
at grade level or below grade, and a vehicle displace 
able along this track. One of the principal disadvan 
tages of conventional vehicular systems of this type is 
the friction between the vehicle and the track. 
More recent developments have made use of air 

cushion tenchiques for suspending the vehicle or sup 
porting the vehicle upon the track, this system having 
the disadvantage that displacement of air in large vol 
umes is required to maintain a stable air cushion in the 
gap between the vehicle and track. The displacement 
of air in this manner is noisy, requires bulky equipment 
and is not desirable in many urban centers. 
The displacement of vehicles along a track may make 

use of ?uid-pressure differentials, linear-induction mo 
tors and other non-contact or limited contact motive 
systems, i.e., systems in which frictional contact be 
tween the vehicle and track is minimized. However, un 
less the supporting and guiding functions are also fric 
tionless or of limited friction, the practical vehicle 
speed remains limited. 
The present applicants and others have disclosed 

heretofore magnetic suspension systems whereby the 
disadvantages of some of the earlier vehicle-support 
and vehicle-guide arrangements can be overcome. In 
general, a magnetic suspension and guide system may 
include one or more armature rails extending along the 
track and one or more electromagnets cam'edby the 
vehicle and having cores cooperating with the armature 
rails of the track or support to maintain an air gap 
therewith across which magnetic force supports the ve 
hicle. A magnetic-?ux path is closed between the poles 
of the electromagnet core through the armature and 
across the gap. 

In prior-art magnetic suspension systems, especially 
for magnetically suspended vehicles, the armature was 
a ?at bar and the system was characterized by an unsta 
ble force characteristic. When the system was used as 
a suspension arrangement, therefore, the vehicle could 
be laterally and longitudinally dislocated or shifted by 
such forces as wind, centrifugal force as the vehicle 
passes around a curve etc., without signi?cant control 
lability. When the system was used for guiding pur 
poses, some freedom of movement is provided in the 
parallel power to the plane of the air gap and hence an 
unstable condition is created in this situation as well. In 
order to avoid this instability with two degrees of free 
dom, electronic control was necessary for each degree 
of uncontrolled movement. In other words, electro 
magnets were provided to adjust both lateral and verti 
cal air gaps and to limit the displacement of the vehicle 
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in the vertical and lateral directions, and even to stabi 

' lize the vehicle against displacement in a longitudinal 
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mode. For each electromagnet system a separate gap 
detector and feedback circuit was provided to regulate 

' the energization current through the respective coil to 
maintain the gap at desired level. 
As a result, the electronic control system for conven 

tional,.magnetic suspensions having two or more de 
grees of freedom or instability was highlycomplex, ex 
pensive and massive, thereby decreasing the carrying 
capacity of the vehicle and increasing the operating 
and capital cost. 

OBJECTS OF THE INVENTION 

It is the principal object of the present invention to 
provide a magnetic suspension and guide system, pref 
erably for the contactless support and/or guidance of a 
vehicle whereby the control-system costs can be held 
relatively low. 

- ‘It is another object of the invention to provide an im 
proved magnetic suspension and guide system whereby 
the aforedescribed disadvantages can be obviated. 

Still another object of the invention is to provide a 
magnetic suspension and guide system for a magneti 
cally suspended vehicle in which fewer gap-responsive 
control circuits are necessary to limit instability. 

SUMMARY OF THE INVENTION 

These objects and others which will become apparent 
hereinafter are attained, in accordance with the present 
invention, which comprises an electromagnetic suspen 
sion and/or guide system, especially for magnetically 
suspended vehicles adapted to travel along a support 
track, which comprises at least one armature rail ex 
tending along this track and having a web from which 
a pair of shanks reach toward a portion of the vehicle, 
and at least one electromagnet whose coil member is of 
U-pro?le with a pair of shanks reaching toward the ar 
mature member, the shanks of one of these members 
being inclined toward the shanks of the other member 
and overlapping the same. A coil is wound upon this 
core. 

More speci?cally, the armature member is consti 
tuted substantially of a U-cross-section channel whose 
lateral shanks or arms are spaced from and overlapping 
with the lateral shanks or arms of the U-cross-section 
electromagnet core whereby the shanks of one of these 
members is received between the shanks of the other 
member. The shanks of one of the members, moreover, 
are inclined toward the shanks of the other member so 
that the region of overlap has a location of closest ap 
proach at which the inclined shanks are closest to a 
flank of the noninclined shank or the shank with which 
they overlap proximally of the web and divergent from 
this shank in the direction of its free end. Between each 
inclined shank and the noninclined shank of the other 
member, therefore, a wedge-shaped air gap is provided. 
A system of this typedevelops an attractive force in 

the direction of the longitudinal axis in which the cen 
ter of gravity of the cross-sections or pro?les (cen 
troids) lie and which maintains stability along this lon 
'gitudinal axis over a limited range of positions of the 
electromagnet. 
This system is de?ned as a system having longitudinal 

stability, i.e., without change in theelectrical current 
traversing the electromagnet, the magnetic force resist 
ing displacement along the longitudinal axis increased 
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with displacement to provide a so-called force charac 
teristic which has a “spring constant” similar to the 
force characteristic of an extension spring which is de 
formed. ’ 

The increasing magnetic attraction with separation of 
the inter?tting core member and rail member results 
from the fact that the magnetic ?ux bridging the air gap 
between the two shanks of each overlapping pair is a 
stray ?ux which is unconcentrated over the full length 
of the shank. As the degree of overlap is reduced, the 
stray ?ux is reduced and the flux density at the reduced 
regions of juxtaposition (poles) increases. 
The force characteristic reaches its maximum when 

overlapping‘ practically ceases, i.e., at the point at 
which the free end of the arms of the yoke or core of 
the electromagnet and the free ends of the arms of the 
armature rail lie in a common plane perpendicular to 
the longitudinal axis de?ned by the centroids. At this 
point of total separation, increased adhesive force with 
increasing displacement no longer develops and the 
magnetic suspension is no longer stable even in one di 
rection. With overlapping of the shanks and inter?tting 
of the two channel-shaped members, the system is 
transversely unstable, this degree of instability remain 
ing when the two components of the system are sepa 
rated. The transverse instability is seen in the fact that 
a displacement of the core member relative to the rail 
member in a direction perpendicular to the plane of the 
longitudinal axis de?ned by the centroids of the pro?le 
sections, is not magnetically resisted by the flux travers 
ing the core and rail members. 

It is, therefore, a feature of the present invention to 
providea further electromagnetic system, preferably 
including a magnetic armature rail and electromagnet, 
which is effective in the transverse direction for limit 
ing such displacement. The further electromagnetic 
system may be provided with a gap sensor or detector 
for adjusting the electromagnetic force to compensate 
for or resist the transverse forces. It should be under 
stood that an arrangement of this type uses control cir 
cuitry only for one degree of possible vehicle displace 
ment, since any tendency for the vehicle to shift with 
the other degree of freedom is counteracted automati 
cally because of the inclined orientation of the shanks 
of the armature or core. In practice, it has been found 
that the control circuitry need only respond to minor 
vehicle displacements, e.g., to damp vehicle oscillation. 
Another advantage of the present system resides in 

the relatively large freedom of movement of the mag 
netically suspended system in the longitudinal direction 
by comparison with systems using ?at armatures. The 
system of the present invention can thus provide tracks, 
rails and like structures which interact with mating fa 
cilities of the vehicle with larger tolerances than is pos 
sible with the prior art arrangements. 
The electromagnet of the present invention may be 

made relatively wide with relatively short lateral shanks 
or arms such that the lateral shanks or arms of the ar 
mature can be received between the shanks or arms of 
the electromagnet core. A system of this type is charac 
terized by reduced stray flux between the relatively 
widely spread lateral shanks of the magnet core, by the 
ability to use wide electromagnet coils and hence by 
reduced coil-winding height. ' 
When the system of the present invention provides 

lateral shanks or arms of the armature which embrace 
the arms of the electromagnet, the active surfaces of 
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4 
the armature and the magnet core is protected from 
ice, contaminants and the like in a particularly conve 
nient manner. 

It has been found, moreover, that it is possible to vary 
the spring constant and the force characteristic of the 
system by imparting a curvature to the inclined shank 
or arm, e.g., by curving the latter more rapidly away 
from the non-inclined shank or curving it toward the 
latter. When the system is used for suspension, a stiffer 
or softer spring characteristic can be provided with in 
creasing load. 

It has been found to be advantageous, moreover, to 
provide the longitudinally stable suspension or guide 
system for stretches which are relatively stiff and hilly 
as a suspension system, but as the guide system where 
the vehicle is expected to travel around large numbers 
of relatively sharp curves. These preferences are a con 
sequence of the high degree of longitudinal adjustabil 
ity afforded by the system of the present invention. 

DESCRIPTION OF THE DRAWING 

The above and other objects, features and advan 
tages of the invention will become more readily appar 
ent from the following description, reference being 
made to the accompanying drawing in which: 
FIG. 1 is a vertical cross-sectional view through a 

portion of a suspension system embodying the inven 
tion, the means for attaching the components to the re 
spective supporting structure being illustrated diagram 
matically; 
FIG. 2 is a view similar to FIG. 1 of a suspension and 

' guide system representing a variation of the system of 
FIG. 1; , 

FIG. 3 (sheet 2 of the drawing) is a view similar to 
FIGS. 1 and 2 but illustrating a kinematic reversal of 
the components in a suspension or guide system ac 
cording to the invention; 
FIG. 4 is a view similar to FIG. 3 of still another em 

bodiment of the invention; > 
FIG. 5 (sheet 1 of the drawing) is a further diagram 

matic cross-sectional view, taken in a plane perpendic 
ular to the direction of movement of a vehicle provided 
with the suspension or guide system and illustrating an 
other aspect of invention; 
FIG. 6 (sheet 1 of the drawing) is a view similar to 

FIG. 5 showing another modification; 
FIG. 7 (sheet 3 of the drawing) is a vertical cross 

section through a suspension system for a magnetically 
suspended vehicle in which the longitudinal stability is 
provided in the suspension portion of the system; 
FIG. 8 is a view similar to FIG. 7 of an embodiment 

of the invention wherein the longitudinally stable elec 
tromagnetic system is provided for guiding the vehicle; 
FIG. 9 is a side elevational view of one of the electro— 

magnets in accordance with the invention; and 
F IG. 10 is a diagrammatic perspective view of a vehi 

cle system embodying the invention. 

SPECIFIC DESCRIPTION 

Referring first to the overall view of a vehicle system 
according to the present invention shown in FIG. 10, it 
can be seen that the system may comprise a substan 
tially horizontal support track 50 held at intervals by 
pylons 51 or other suppor means at grade level, above 
grade or below grade. The track 50 is provided with a 
channel 52 which is upwardly open and is overhung by 
a pair of inwardly turned flanges 53 and 54. 
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As will be described in greater detail in connection 
with FIGS. 7 and 8, the undersides of the ?anges 53 and 
54 are provided with respective downwardly open 
channels 55, 56 constituting armature rails composed 
of agferromagnetic material, e.g., iron, and extending 
the full length of the track. When, as described below, 
longitudinal stability of the suspension portion of the 
system is desired, the rails may have the con?guration 
of any of the rails 1 of FIGS. 1 through 7. However, 
when guide stability is required, the rail con?guration 
may be that of FIG. 8. 
The inwardlyturnedmfaces ‘of the ?anges 53 and 54 

are also provided with inwardly open ra?sn57‘and 58 of 
U-section as also will be described in greater detail in 
connection with FIGS. 1 through 8. 
The vehicle 60 may comprise an operator compart 

ment 61 and a passenger compartment 63 to which axis 
is had through a door 63. The vehicle may be propelled 
by a linear induction motor and it receives electrical 
power through brushes provided on the vehicle and 
contact rails provided on the support tract 50 in accor 
dance with conventional practices. 
The vehicle is provided with a horizontal flange 64 

which extends into the channel 52 and carries on its 
outer edges the electromagnets 65 and 66 cooperating 
with rails 55 and 56 for suspension of the vehicle. Out 
wardly facing electromagnets 67 and- 68 are also pro 
vided upon the vehicle to cooperate with the armature 
rails 67 and 68 in guiding the vehicle. 
The vehicle is magnetically suspended from the 

downwardly open U-section rails 55 and 56 and is 
guided against lateral movement by the electromag 
netic forces generated at rails 57 and 58. The result is 
a frictionless magnetic suspension and guide system. 

In FIG. I, the electromagnetic suspension or guide 
system is shown in greater detail and the principles of 
operation will become more fully apparent. 
Thus, the electromagnetic suspension or guide sys 

tem, which may be used for the suspension or guide ar 
. rangement of FIG. 10, can comprise a ?xed armature 
rail 1 with a substantially U~shaped corss-section whose 
lateral ?anges, shanks, or arms 2 to de?ne obtuse an 
gles a with the web 3. These angles, greater than 90° as 
illustrated in‘ FIG. 1, are designed to provide diver 
gency in the direction of the ?xed rail between the arms 
or shanks of substantially 15° to 60°, or a convergency 
in the direction of this ?xed rail of a similar angle as will 
be apparent hereinafter. 
On the vehicle 4 to be suspended or guided, there is 

' mounted an electromagnet 5 whose elongated core 6 
has a U-shaped pro?le and carries a coil 8 wound about 
the web 7. 
The arms or lateral shanks 12 of the core 6 reach up 

wardly to bracket the arms 2 of the rail 1 between 
them, i.e., the armature rail 1 and the core 6 overlap or 
inter?t with the arms 1 received with the channel or be 
tween the arms of the other. 
When the coil 8 is electrically energized, a magnetic 

flux 9 (shown in broken lines) is induced in the core 6, 
the ?ux path closing through the air gap between the 
arms 12 of the core 6 and the arms 2 of the rail 1 and 
through the latter. 
The magnetic attractive force at the gaps, produced 

by the ?eld 9, and the lateral guide force represented 
at 10 (see also FIGS. 7 and 8) produced by some other 
means, e.g., another electromagnet and rail arrange 
ment, maintains the vehicle in the position illustrated 
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in FIG. 1 relative to the rail, thereby freely suspending 
the supported or guided system represented at 11. 
As already noted, the lateral ?anges, arms or shanks 

2 and 12 of the armature rail 1 and the core 6 overlap 
in this position and define gaps between them which di 
verge in the direction of the support structure. Of 
course, it is not critical to the present invention that the ' 
direction of divergencev be toward the support structure 
it being only signi?cant that the direction of conver 
gence be such that a tendency toward separation will 
reduce the volume of the air gap between the two mem 
bers. The inclined orientation of one of the pairs of lat 
eral arms (in this case the arms of the rail) to the mutu 
ally parallel arms of the other pair results in an increas 
ing attractive magnetic force between the cores 6 and 
the rail 1 with increasing separation (i.e., with increas 
ing withdrawal of the interfitting parts) to a maximum 
attractive force at the point that overlap ceases or the 
poles formed by the ends of the arms become substan 
tially coplanar. At this point, the suspension or guide 
system becomes unstable as in conventional magnetic 
suspensions in which the electromagnet cooperates 
with a flat-strip armature. 

If the centers of gravity of the armature rail and the 
electromagnetic core in any sectional plane perpendic 
ular to the direction of movement of the vehicle and to 
the longitudinal dimensions of these magnetic mem 
bers,i.e., the centroids of the sections, are considered 
to de?ne a longitudinal axis 13 (FIG. 1), it is possible 
to define the overlapping or inter?tting relationship as 
one which is longitudinally stable without the use of a 
gap detector or other control arrangement to compen 
sate for increasing separation along this axis. 

In other words, a longitudinally stable system, within 
the meaning of the present inventi0n,is one which com 
pensates automatically for a tendency toward separa 
tion of the parts by increasing the magnetic attractive 
force resisting such separation without a concommitant 
increase in the electrical energization of the coil. The 
system of FIG. 1 thus provides increasing magnetic at 
tractive force to resist separation in the direction of the 
axis 13 until the point of withdrawal is reached. 

In the system of FIG. 1, however, a transverse stabil 
ity (against this location forces in the direction of ar 
rows 10) is not present, i.e., any shift of the system to 
the left or to the right from the median position shown 
will not be magnetically resisted by the ?eld 9, but 
rather will be enhanced so that the system must be lat 
erally stabilized by some external or other means as 
represented by the forces at 10. 

In the system of FIG. 2, the mutually parallel lateral 
arms, ?anks or shanks 12 of the electromagnetic core 
6 reach into‘ the channel formed by the armature rail 1 
between the inwardly turned arms 2 of the latter. The 
arms 2 include angles a of less than 90° such that the 
arms will include the desired angle between 15° and 60° 
with the arms 12. The overlapping or inter?tting rela 
tionship which is thus obtained ensures longitudinal 
stability as described earlier. 
FIGS. 3 and 4 represent systems which are kinematic 

reversal of the systems of_FIGS. l and 2. In FIGS. 3 and 
4 the arms of the core 6 are inclined inwardly (FIG. 3) 
or outwardly (FIG. 4) toward the mutually parallel 
arms 2 of the armature rail 1. The arms of the latter are 
thus received with an overlap between the arms of the 
electromagnetic core 6 (FIG. 3) or receive the arms of 
the core (FIG. 4). The latter systems, which function 
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as described for the system of FIG. 1, have the advan 
tage that a single armature rail structure can be used 
for a variety of con?gurations of the magnet or magnet 
core. ' 

If one desires to Vmodify the force character 
istic of the system i.e., the magnetic force versus dis 
placement in the direction of the axis 13, the inclined 
shanks or arms may be oriented to provide the desired 
characteristic. For example, in FIG. 5 there is shown a 
system in which the arms 2 are provided with an out 
wardly concave curvature i.e., a curvature which is 
convex in the direction of the centroids. This curvature 
which may be generally cylindrical, pyramidal or other 
wise conformed to a surface of revolution with an axis 
parallel to the longitudinal direction,‘ results in an in 
crease in the “spring constant” of the system with in 
creasing longitudinal displacement, i.e., the elastic sus 
pension of the ?oating system becomes stiffer with 
greater loads. When the inverse effect is desired, the 
system of FIG. raise employedin ‘which the-arm's 
are concaved toward the centroid of the armature rail. 
The term “spring constant” is used herein to refer'to 
the relationship between restoring force and displace 
mentwhich, generally speaking, can be represented by 
a relationship such as F = Kx where x is the displace 
ment and F is the restoring force. The constant K is 
thus de?ned as F /x and is analogous to the usual spring 
constant. With increasing K, the system becomes 
stiffer. 

In FIGS. 7 and 8, there are shown two arrangements 
of the longitudinally stable suspension and guide ar 
rangements of FIGS. 1 through 6. These systems re 
spectively provide a longitudinally stable suspension 
with an unstable system providing lateral control and 
an unstable suspension system with a longitudinally sta 
ble guide system for lateral control. 
The system of FIG. 7, for example,comprises a sup 

port track 14 along which a vehicle 15 is displaceable. 
Along the undersides of the inwardly turned ?anges of 
the track, there are provided a pair of longitudinally 
stable electromagnetic suspension systems 16 (see FIG. 
1) while the guide systems are longitudinally unstable 
and are provided at 17. The unstable systems 17 each 
comprises an armature rail 18 and electromagnets 19 
with U-pro?les whose arms are parallel and aligned one 
another so that they are juxtaposed without overlap. 
The electromagnets 20 of these systems are provided 
with gap detector in their respective control circuits 
100 to maintain the optimum gap. However, vertical 
control circuits are not necessary because of the auto 
matic adjustment of the magnetic adhesion force to 
increasing displacement in the vertical direction. 
A converse system is shown in FIG. 8 in which the 

longitudinally stable system 21 is provided for guide 
purposes in combination with longitudinally unstable 
suspension systems 22, the latter being connected with 
a control 200 to maintain with optimum suspension 
gap. The guide systems automatically operate to center 
the vehicle against lateral forces, e.g., from wind or the 
centrifugal effect of a turn or bend in the track without 
a control circuit. 
We claim: 

8 
1. An electromagnetic suspension or guide system, 

comprising support, a U-pro?le armature rail member 
?xed to said support and having a web and a pair of 
shanks extending from said web, and‘ electromagnet 

5 juxtaposed with said rail member and having a core 
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member provided with a web and a pair of shanks ex~ 
tending therefrom toward said rail member, and a coil 
wound on said core member, the shanks of one of said 
members being received between the shanks of the 
other of said members and overlapping therewith, and 
at least one shank of each overlapping pair being in 
clined to the other. 

2. The system de?ned in claim 1 wherein the shanks 
of said core member extend into said rail member be 
tween the shanks thereof. 

3. The system de?ned in claim 1 wherein the shanks 
of said rail member are received between the shanks of 
said core member. 

4. The system de?ned in claim 1 wherein the inclined 
shank of each of said pairs is of curved con?guration. 

5. The system defined in claim 1 for a magnetically 
suspended vehicle wherein said support is a longitudi 
nally extending track, said rail member extends longitu 
dinally along said track, said system further comprises 
a vehicle carrying said electromagnet and displaceable 
along said track, said core member and said rail mem 
ber having centroids defining a longitudinal axis of sta 
bility such that relative displacement of said vehicle 
and said support tending to separate said core member 
from said rail member in the direction of said axis re 
sults in a magnetic attractive force counteracting such 
separation, and a further electromagnetic system effec 
tive between said support and said vehicle for stabiliz 
ing same against relative displacement in a direction 
transverse to said longitudinal axis. _ 

6. The system de?ned in claim 5 wherein said rail 
member and said core member form a longitudinally 
stable suspension arrangement for said vehicle, said 
further electromagnetic system including a control ar 
rangement for limiting lateral displacement of said ve 
hicle and being electromagnetically unstable in the ab 
sence of said control arrangement. 

7. The system de?ned in claim 5 wherein said rail 
member and said core member provide a longitudinally 
stable lateral guide arrangement for said vehicle and 
said further electromagnetic system is an unstable elec 
tromagnetic suspension including a control arrange 
ment for adjusting the suspension gap of said vehicle. 

8. The system de?ned in claim 5 wherein said arma 
ture rail member is provided with a pair of inclined 
shanks having free ends approaching the shanks of said 
core member and the shanks of said core member are 
mutually parallel. 

9. The system de?ned in claim 5 wherein said core 
member is provided with the inclined shanks having 
free ends approaching the shanks of said rail member 
and said rail member has mutually parallel shanks. 

10. The system de?ned in claim 5 wherein the in 
clined shank of each pair includes an angle between 
substantially 15° and 60° with the other shank of the 
pair. 

1* u * * m 
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