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57 ABSTRACT 

A linear motor uses the same magnetic flux for 
suspension and propulsion of a high speed tracked 
vehicle and operates below a support rail without 
physical contact therewith. Displacement and inertial 
sensors carried by the vehicle sense the length of the 
motor-to-rail gap and any acceleration of the vehicle 
causing changes in the gap. 
A non-linear feedback circuit responds to the sensor 
signals and controls the voltage applied to the phased 
windings of the motor to maintain the selected gap. 
The feedback circuit provides uniform stability and 
dynamic response over a wide range of gap, maintains 
the selected gap substantially constant notwithstand 
ing track irregularities and variations in vehicle load 
ing, and gradually corrects for unevenness. 
The inertial sensor is made to be sensitive to vertical 
acceleration of the vehicle and insensitive to irregu 
larities of the rail thereby assuring a "smooth' or 
“easy' ride notwithstanding irregularities of the rail. 
The frequency of the applied voltage is varied up 
wards from zero to adjust the linear E. of the mo tor, and the voltage is increased with the frequency to 
compensate for the increase in inductive reactance of 
the windings. 
A wide dynamic range of motor control voltage is pro 
vided to cover the propulsion range from standstill to 
high speed without requiring a wide dynamic range in 
the feedback control elements. 

37 Claims, 13 Drawing Figures 
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3,736,880 
1. 

FEEDBACK CONTROL CIRCUIT FOR MAGNETIC 
SUSPENSION AND PROPULSION SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of the U.S. 
Pat. application of James A. Ross for "Magnetic Sus 
pension and Propulsion System," Ser. No. 131,041, 
filed Apr. 16, 1971, now U.S. Pat. No. 3,638,093, here 
inafter sometimes referred to as the "parent 
application.' 

BACKGROUND OF THE INVENTION 

Heretofore others have suggested linear motors uti 
lizing the same magnetic flux for suspension and pro 
pulsion of tracked vehicles. United States Pat. No. 
782,312 (1905) to Alfred Zehden and French Pat. No. 
1,537,842 (1968) to Jeumont-Schneider Electrome 
chanical Construction Company, for example, teach 
combined propulsion and suspension of a linear induc 
tion motor by magnetic attraction of the motor up 
wardly toward its support rail which also serves as the 
reaction rail. Zehden discloses triphase windings, and 
the French patent teaches changes in power frequency 
to effect changes in propulsion speed. The French pa 
tent further teaches the use of gap sensing operative in 
an electronic feedback circuit for maintaining suspen 
sion of the motor below its support rail at a controlled 
air gap therebetween, thereby to avoid physical contact 30 
with the rail both at standstill and during propulsion 
along the rail. Zehden employs a rail engaging wheel 
support and does not disclose a feedback control cir 
cuit. 
German Pat. Nos. 643,316 (1937), 44,302 (1938), 

and 707,032 (1941) to Hermann Kemper disclose the 
suspension of tracked vehicles by use of electromag 
nets disposed below a support rail and magnetically at 
tracted thereto while maintaining a controlled air gap 
therebetween, thus avoiding physical contact of the 
electromagnets with the rail. 
The 1941 Kemper patent and the French patent dis 

close similar arrangements utilizing magnetic attraction 
for guidance and switching of the magnetically sus 
pended vehicle. 
The 1937 Kemper patent suggests that the electro 

magnets used for suspension can be configured for 
polyphase operation for propulsion of the vehicle along 
the track, operating for this purpose in the manner of 
polyphase induction motors. Recent developments of 50 
German industry in the transportation field, however, 
while apparently following the teachings of Kemper 
with respect to achieving magnetic suspension, tend to 
follow Kemper's suggested alternative propulsion ar 
rangement of using separate electromagnets operative 
with their own reaction rail in a conventional poly 
phased linear induction motor mode. 
The suspension arrangement of the 1938 Kemper pa 

tent (Addition to the 1937 patent), in common with the 
teaching of the 1937 patent, senses motor position with 
respect to the rail (gap), but further senses rate of 
change of that position (motor velocity), and change in 
motor energy state (motor suspension current) to pro 
vide a motor control voltage which is operative over a 
wide range of gap X (twice normal gap a). The motor 
voltage may be d.c. or a.c. and is characterized as being 
positive or negative over-voltages for achieving arbi 

2 
trarily high acceleration of the energy level contained 
in the motor windings. 
The 1938 Kemper patent is concerned with providing 

feedback for preventing oscillations of the suspended 
vehicle caused by the kinetic energy acquired by the 
vehicle in response to a correction of position and, fur 
ther, in preventing high acceleration of change of 
motor energy level from causing further changes in en 
ergy level when the correct level is reached. The posi 
tion feedback voltage e produces a directing magnetic 
force to return the suspended vehicle to the correct lo 
cation relative to the rails, and the damping or velocity 
feedback voltage et assures that the correcting move 
ment can be made to a more or less damped oscillation. 
A report feedback potential e, is made to be propor 
tional to the motor current and, in turn, provides a 
measure of the momentary energy state of the motor 
magnet. The sum of the position feedback voltage e 
and the damping voltage ea constitutes a command 
voltage e which starts the energy addition or reduction 
when a change in gap is sensed. The report potential er 
opposes the command potential e to prevent further 
changes in the energy state as soon as the correct level 
is reached. 
The feedback provided by the Kemper Addition Pa 

tent is made to produce a smooth ride of the suspended 
vehicle by designing a pull force curve (curve III of 
FIG. 4) wherein position feedback voltage e is caused 
to fall off for increasing gap distance, the directional 
pull force being sufficient, however, to return the vehi 
cle to the correct location but being limited to a desir 
able maximum value which results in limiting the track 
ing of the vehicle in relation to the rail track when mov 
ing rapidly. Additional absorption of rail nonuniform 
ities is achieved by avoiding excessive suppression of 
the electrical inertia characteristics of the feedback 
regulator circuits, the smooth ride resulting because 
the feedback is not required to force distance correc 
tions for deviations which exist only in short sections of 
the rail track whereby the vehicle is caused to follow 
only the average from a number of different regulation 
impulses. 
Automotive News for October 1970 describes an ac 

tive spring-hydraulic suspension system for an air cush 
ion supported tracked vehicle which employs vertical 
and lateral acceleration sensor inputs to a computer 
which calculates the forces necessary to maintain the 
vehicle body on a smooth path and with banking on 
turn.S. 

In the aforesaid copending parent application, Ser. 
No. 131,041, of James A. Ross there is disclosed a 
tracked vehicular transportation system employing 
polyphased linear motors both for suspension and pro 
pulsion in which each motor is magnetically attracted 
upwardly by its magnetic field toward a support rail 
with a controlled air gap maintained therebetween, and 
its suspension magnetic field is also used to translate 
the motor and its supported vehicle along the track at 
a speed related to the frequency of the polyphase alter 
nating current applied to the motor. 
Although any number of phases could be used, a 

three phase design is disclosed because it is the simplest 
motor construction having the desirable characteristic 
of providing nearly constant pole attraction as a func 
tion of phase rotation. The propulsion system is a vari 
able reluctance, synchronous speed type wherein the 
rail is provided with repetitive magnetic discontinuities 
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(notches), or alternatively, the propulsion system is a 
linear induction motor type wherein the rail is provided 
with either a continuous conductive reaction strip or a 
squirrel cage winding (shorted rotor). Other disclosed. 
propulsion systems are of the wound rotor and hystere 
sis types. 
The terminal voltage applied to the polyphased 

motor windings to produce the attractive suspension 
force as well as the moving field for propulsion is con 
trolled by a non linear-feedback circuit which uses sig 
nals from displacement and inertial sensors carried on 
the vehicle for maintaining a selected air gap. The feed 
back is non linear in order to compensate for the non 
linearity of the motor characteristic as a function of gap 
length and of feedback operating frequency. The at 
tractive force produced by the magnetic field of the 
motor is proportional to the square of the motor cur 
rent and inversely proportional to the square of the gap 
length. The motor impedance, moreover, is resistive at 
zero frequency and largely inductive at frequencies 
such as 10 to 30 hertz which are relatively high for the 
feedback apparatus. 
The circuit elements of the feedback circuit provide 

the motor terminal voltage in accordance with the fol 
lowing equation which expresses the relationship be 
tween the motor terminal voltage and the resulting at 
tractive magnetic force produced between the motor 
and its support rail: 

E = K. VF (lr + jKo) where 
c) = 2arf 
E = terminal voltage 
l = air gap length 
f = frequency in hertz (cycles/second) 
K1, K = constants 
F = attractive magnetic force 
j = reaction symbol. 
In order to provide stable suspension of the vehicle, 

whether at standstill or some propulsive speed, and at 
a selective gap which may range from substantially zero 
to one-half inches, the motor terminal voltage E, 
whether d.c. at standstill or a.c. at the propulsive speed, 
produces an attractive magnetic force F which is oppo 
site to the gravitational and inertial forces acting on the 
vehicle and sufficient to restore and maintain the same 
in stable suspension. The feedback circuit responds to 
signals from the displacement and inertial sensors to 
produce various voltages indicative of these gravita 
tional and inertial forces. For example, in a specific cir 
cuit arrangement, a voltage input of -4 volts to the 
square rooter element of the circuit indicates a gravita 
tional force of 1 g which, of course, is the weight of the 
vehicle including its support motors. When this is the 
only force on the vehicle, the magnetic attractive force 
F produced by the motor terminal voltage E is just suf 
ficient to support the vehicle against gravity at the se 
lected gap. 

Signals from the displacement and inertial sensors 
pass in parallel paths through displacement and accel 
erometer channels in the input portion of the feedback. 
circuit. The displacement channel produces displace 
ment signals indicative of the length of the gap, velocity, 
signals which are derived from differentiated displace 
ment and are indicative of the rate of change of dis 
placement, and change in loading signals which are de 
rived from integrated displacement. The velocity sig 
nals range in frequency from 1.2 to 5 hertz. The change 
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4 
in loading signals range in frequency from d.c. to 1.2 
hertz. The range of frequencies of maximum interest in 
the displacement channel thus extends from d.c. to 5 
hertz. 

Signals from the displacement channel are algebra 
ically summed with signals from the accelerometer 
channel which has a frequency range of maximum in 
terest extending from 0.3 to 30 hertz. Partial integra 
tion of the accelerometer feedback signal provides a 
quasi-velocity feedback which is effective from a fre 
quency of the order of 10 hertz down to 4 hertz below 
which the differentiated displacement signal provides 
the velocity feedback. 
The square rooter element of the feedback circuit 

takes the square root of the combined displacement 
and accelerometer channel signals to produce a voltage 
corresponding to the equation quantity VF which is 
thereafter multiplied by the displacement function (lR) 
and the frequency function (jKao), respectively, these 
equation functions being performed by mutliplier and 
amplifier-differentiator circuit elements. These circuit 
elements respectively provide d.c. and a.c. paths for 
their inputs, the d.c. path providing a voltage which in 
creases with the gap and the a.c. path providing a volt 
age which increases with increasing feedback fre 
quency, as is required to linearize the motor response 
with frequency. The a.c. path includes a perfect differ 
entiator which provides a first derivative of the input 
over a frequency range of from essentially zero to 200 
hertz. 
The combined outputs of the multiplier and 

amplifier-differentiator elements produce a unidirec 
tional feedback voltage which represents the equation 
quantity VF(lR + jKo). The combined circuit gain 
required to produce suspension against gravity ac 
counts for the constant Ka in the equation. 
The varying frequency voltage required for propul 

sion at speeds upward from zero is provided by a cons 
tant amplitude variable frequency three phase oscilla 
tor, the amplitude of each phase of which is increased 
as a function of the frequency by an imperfect differen 
tiator for each phase to compensate for the increase in 
motor impedance due to the increase in inductive reac 
tance with frequency. The differentiation is imperfect 
to assure an output at zero frequency and thus provide 
the magnetic flux required in the motor-to-rail gap to 
establish suspension when the system is in operation at 
standstill. 
The unidirectional variations of the feedback voltage 

are made essentially to modulate the imperfect differ 
entiator outputs for each phase, it being a first input to 
each of three multipliers for the three phases, the other 
input for each of the multipliers being one of the differ 
entiator outputs. Each of the multiplier outputs gives 
the product of the feedback voltage and the instanta 
neous value of each of the phased voltages in accor 
dance with the three-phase variation thereof. 
The output from each multiplier for each phase 

passes into a controllable power supply having three 
outputs, one for each of the phased windings of the mo 
tor, the voltage output of each being controlled accord 
ing to the variation of three phase electrical energy 
with time, including the special case of zero frequency 
wherein the phased outputs constitute "frozen' instan 
taneous values which do not vary with time until a fre 
quency variation is again produced to provide propul 
sion. Highly efficient controllable amplifiers of high 
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power capabilities such as the Class D type or the gate 
d-silicon-controlled-rectifier type are employed to pro 
vide propulsive power for passenger-carrying railroad 
car type vehicles weighing thousands of pounds. 
An inertial or accelerometer type sensor which 

senses any acceleration in the vertical direction of the 
motor and its supported mass as the same moves up and 
down in space is preferred since it provides signals in 
dicative of such movements without regard to the mo 
tor-rail spacial relationship. Thus, the accelerometer 
sensor is not sensitive to irregularities in the track and 
does not pass them on to the passengers in the form of 
vibrations or jolts. On the other hand, the gain of the 
displacement channel is reduced as a function of gap 
change frequency and only a mean gap is maintained 
by the displacement sensor. An alternative acceleration 
feedback sensor which senses relative acceleration of 
the suspended mass with respect to the rail is suggested 
for use as a substitute for the inertial-reference acceler 
ometer in the feedback circuit when it is desired that 
the vehicle closely follow the rail for technical reasons 
or to avoid the higher costs of the inertial accelerom 
eter. Hall-effect transducers which sense the flux in the 
air gap are suggested as a suitable sensor for such pur 
pose. 
The feedback loop that includes the inertial sensor 

makes a second order correction to the overall feed 
back network of the order of 10db offeedback over the 
frequency of interest which is from 0.5 to 5 hertz. This 
makes the system insensitive to second order variations 
such as changes in coil resistance with temperature and 
variations in the d.c. gain and a.c. gain of the feedback 
network which may change from day to day with 
weather changes, and for other reasons. 
As aforementioned, the force exerted magnetically 

by the motor to provide suspension varies as the square 
of the motor current and inversely as the square of the 
gap length. This is a non-linear relation. However, the 
d.c. flux in the air gap remains the same for different 
gap lengths when the current to gap ratio remains cons 
tant as it does, for example, when the current is dou 
bled when the gap is doubled, the magnetizing force or 
ampere turns per unit length of gap remaining the 
same. Non-linear elements in the feedback circuit, such 
as the square-rooter circuit, linearize the voltage vs. 
force function for all gap lengths and thus allows the 
dynamic response of the feedback signals to be cons 
tant and provides constant stability for the system. The 
resultant linearization of the feedback circuit also pro 
vides constant gain at all operating frequencies of the 
polyphase power and corresponding propulsive speeds. 
This assures a smooth ride at all vehicle speeds. The 
smoothness of the ride, moreover, can be adjusted by 
adjustment of the feedback circuit, it being unneces 
sary to change the motor or any related parts of the 
structure. 
The feedback circuit assures the stability of the vehi 

cle with respect to the track, compensates for varying 
passenger loading and thrust due to wind, and gradually 
corrects for unevenness of the track. The feedback cir 
cuit also inherently maintains lateral stability and any 
lateral perturbation is restored in a damped manner 
without overshoot. 

SUMMARY OF THE INVENTION 

The present invention relates generally to the trans 
portation field and more particularly to a high speed 
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6 
tracked transport vehicle which uses the same linear 
electric motors for both suspension and propulsion, 
such as disclosed in the aforesaid copending parent ap 
plication of James A. Ross, and which additionally may 
use such motors for vehicle guidance and banking. 
The present invention follows the basic principles 

and incorporates the fundamental features of the par 
ent application while providing improvements in the 
composition and functioning of the non-linear feed 
back circuit which controls both the magnitude and 
frequency of the motor terminal voltage to achieve sus 
pension and propulsion at selected propulsion speeds, 
or suspension alone at standstill. 

Specifically, the feedback control circuit of the pres 
ent invention, while employing circuit elements for per 
forming the multiplications and summations of the volt 
age vs. force function equation: 

as in the parent application, expresses this equation in 
the form 

where: 
F is the attractive magnetic force 
E is the terminal voltage 
l is the air gap length 
R is the winding resistance 
f is the propulsion frequency in hertz 
K, K are constants 
j is the reaction symbol. 
The square root function VFis developed from the 

sensor signal paths, as in the parent application. The 
multiplication of this function times displacement and 
propulsion frequency, however, are performed in the 
propulsion frequency control channel. 
A first multiplier produces the product of the VF 

function times each phase of a constant applitude three 
phase voltage of selected frequency which may be zero 
at standstill or a specific frequency corresponding to a 
desired propulsion speed. This product which repre 
sents K. VF in the equation is the input to a second 
multiplier operating in parallel with a perfect differenti 
ator. The second multiplier produces the product K. 
VFlR and the differentiator produces the product K. 
VFKf, and these products are summed and provided 
as the input to the three phase controllable power am 
plifiers which supply the terminal voltages to the three 
phase motor windings. 
This improved feedback circuit arrangement elimi 

nates the imperfect differentiator of the parent applica 
tion which increased the amplitude of the oscillator sig 
nal, of each phase as the oscillator frequency increased. 
This required that the following multipliers be operated 
over an extremely wide dynamic range. A perfect dif 
ferentiator which in the circuit arrangement of the in 
stant case provides the voltage vs. frequency function, 
follows the multipliers and thus permits the motor ter 
minal voltage to be increased with frequency for any 
desired propulsion speed without exceeding the dy 
namic operating range of the multipliers. 
The non-linear feedback circuit disclosed and 

claimed in the parent application is a species of the ge 
neric invention herein disclosed and claimed wherein 
an electroresponsive force field generator and a coact 
ing member separated or spaced therefrom are at 
tracted toward each other by the force field set up be 
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tween them and are held separated from each other at 
a selected gap by an opposing force, it being the func 
tion of the non-linear feedback circuit to so adjust the 
voltage of the electroresponsive force field generator : 
that the force produced by it is at all times sufficient 
relative to the opposing force to restore and maintain 
stable equilibrium at the selected gap. 

In the species of the invention disclosed and claimed 
in the parent application, the magnetic force field and 
feedback circuit arrangements are made to be respon 
sive to opposing force relationships wherein the oppos 
ing force is gravity and other acceleration forces tend 
ing to upset the stable equilibrium of the suspended ve 
hicle and its support motors. 

In the present invention, force field and feedback cir 
cuit arrangements embodying the generic invention are 
also made to be responsive to laterally directed dis 
placement and acceleration forces on the vehicle such 
as may be caused by wind loads or may occur during 
turning movements, to thus accomplish controlled 
magnetic guidance and banking of the vehicle. 
The foregoing and other features of the invention will 

become more fully apparent from the following de 
tailed description with reference to the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic view of a force field generator 
embodying the voltage vs. force functions employed in 
the present invention; 
FIG. 2 is a schematic view of a tracked vehicle and 

its support motors for achieving magnetic suspension 
and banking in accordance with the feedback princi 
ples of the present invention; 
FIG. 3 is a schematic view of a tracked vehicle and 

its linear motors for achieving suspension and guidance 
of the vehicle; 
FIG. 4 is a block diagram of a feedback control cir 

cuit for supplying the motor terminal voltages E and 
E of FIG. 2; 
FIG. 4A is a schematic circuit diagram of one em 

bodiment of the block diagram of FIG. 4; 
FIG. 5 is a complete block diagram of the electrical 

system for achieving suspension and propulsion of a 
tracked vehicle and its linear electric support motors; 
FIGS. 6A and 6B, taken together, constitute a sche 

matic circuit diagram of one embodiment of the block 
diagram of FIG. 5; 
FIGS. 7A and 7B are graphs showing speed vs. fre 

quency relationships for synchronous relucatance and 
inductance motors respectively; 
FIG. 8 is a plot of the open loop response of the sys 

tem of FIGS. 6A and 6B to a disturbing force; and 
FIGS. 9 and 10 are graphs showing curves which rep 

resent the characteristic response of the system to load 
and track disturbances. 

DETAILED DESCRIPTION 

Referring to FIG. 1, an electroresponsive force gen 
erator M and a member R are separated physically by 
the air gap distance or length l. Generator M and mem 
ber R are mutually attracted toward each other as indi 
cated by the force field fset up therebetween by gener 
ator M when a voltage E supplies a I thereto, the attrac 
tive force being designated F. Assuming the member 
R to be fixed, that is, nonmovable, the force F is di 
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8 
rected to depict that the generator M is attracted to 
ward member R. 
When the generator M, for example, is an electro 

magnet, or an electric linear motor, and the member R, 
for example, is a ferromagnetic rail, the force F. varies 
as the square of the current flowing in the winding of 
the electromagnetic device M and inversely as the 
square of the air gap length l between the device M and 
the rail R in accordance with the equation: 

F = K, (P/l) 
(1) 

where: 

K = A/(8 x 981) (47TM/10) 
(1) 

where: 
A is the area of attraction in square centimeters 
N is the number of turns in the winding of electro 
magnetic device M 

Equation (1) is derived from two basic equations ex 
pressing magnetic circuit principles, one being that the 
magnetic force F between two parts of a magnetic cir 
cuit varies as the product of their area of attraction A 
and the square of the magnetic flux density B at their 
interface: 

F = AB/(87r X 981) 
(12) 

where: 
B is the flux density in gauss 
F is the force in grams 

and the second principle being that the magnetizing 
force H required to set up a flux in an air gap l between 
the parts is equal to the flux density B: 

B = H = 4 T NIII Ol 

(13) 

where: 
NI/l is ampere turns per centimeter 
l is air gap length in centimeters 
B is flux density in gauss 
Combining equations (12) and (13): 
F = A/(8nt X 981) (47tnI/ 1 Ol) 
= A/(8TX 981) (47TM/10) (III)? 
= K, (III) = K, (PIP) (1) 

It will be noted that the magnetic force F is the same 
for any air gap within a wide range of air gaps as long 
as the ampere turns per unit length or the air gap, 
namely, the ratio NIll, is constant. Thus, for example, 
the attractive force will remain the same if the current 
is doubled when the gap length is doubled. 
The linear relationship between the current and gap 

length is apparent from a re-write of equation (1): 
I =( VF I)/ V. K. 

(l) 

where the current varies directly with the air gap and 
as the square root of the force F. The current varies 
directly as the voltage E across the winding of the elec 
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tromagnetic device M and can be changed by changing 
the voltage: 

I = E/(R +joL) 
(2) 5 

where: 
R + joL is the winding impedance 
R is the winding resistance 
L is the winding inductance 
j is the reactive symbol 
co is 2nf 
f is frequency in hertz (cps) 
E is the voltage across the impedance. 
Combining equations (1) and (2): 

E=( VFl/ VK) (R+joL) 

10 

15 

(2) 

The inductance of an electromagnetic device M 20 
separated from a ferromagnetic member R in a mag 
netic circuit the therewith having an air gap 1 therebe 
tween varies inversely as the length of the air gap: 

L = Kll 25 
(3) 

Combining equations (2) and (3): 
E = K V F (lR -- Kico) 30 

(4) 

O 

E = K. VF lR + K V F. Kjo 35 
(4) 

In order to keep equation (41) in balance, any 
changes in F and/or in l in magnitude and rate must 
be accompanied by a change in E, and any such 40 
changes in E must be both in magnitude and rate of 
change, the latter giving rise to a frequency component 
in E, and this, in turn, causing the reactive voltage com 
ponent K. VF Kija) to increase directly in proportion 
to the increase in the frequency. The voltage E, of 45 
course, must increase, as required, to compensate for 
the increase in the winding impedance due to the in 
crease in inductive reactance with frequency. At zero, 
or very low frequencies, the winding impedance is sub 
stantially resistive, and the voltage E is substantially 
equal to the resistive voltage component Ka VFilR, 
the voltage E in such case being characterized only by 
its magnitude, being essentially d.c. 
Referring again to FIG. 1; assume that an opposing 

force F is acting on the force generator M in a direc 
tion opposite to the attractive force F. If the attractive 
force F is made to equal the opposing force Fo, the 
separation distancel will be constant and the generator 
mass M will be in a state of stable equilibrium. 

In the aforesaid parent application Ser. No. 131,041, 
a tracked, high speed vehicle is disclosed having four 
linear electric motors mounted at the four corners 
thereof for suspension and propulsion of the vehicle 
from and along the track by magnetic attraction. This 
arrangement is disclosed, in part, in FIG.2, wherein the 
rear motors M and M are shown in spaced dependent 
relation to their respective support rails R and R2, 
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10 
being separated therefrom by the air gaps land l. The 
rails are supported in fixed relation on the track gener 
ally designated T. 
The vehicle V which moves along the track T is sup 

ported by and secured to the front and rear motors of 
which the rear motors M and M are shown secured to 
the vehicle as by the mounting brackets schematically 
designated b and b. 
The magnetic attractive forces F and F. 

respectively of the motors M and M are opposed by 
the forces Fo and Foz. These opposing forces may be 
considered generally to be acceleration forces ex 
pressed by the equation: 

F = Ma 

(5) 

where: 
F is the acceleration force 
M is the mass of the body acted upon by the force F 
a is the acceleration of the body represent W 
When the air gaps l and l are static, there being no 

change in the gaps, the corresponding forces Foi and 
Fog represent the weights supported respectively by the 
magnetic forces F and F of motors M and M. 
Weight W is the force which gravitation exerts upon a 
body and is equal to the mass of the body times. the 
local acceleration of gravity g, thus: 

F = Ma 

as before set forth in equation (5). Now with g 
substituted for a, and W substituted for F: 

W = Mg 
and 

M = Wig 
(6) 

Motors M and M. by their attractive forces F and 
F support their own weights W1 and W and one 
fourth the weight Wv/4of the vehicle, thus: 

Vehicle V carries a pair of position or placement sen 
sors Sp and SP which respectively sense the length of 
the air gaps land l associated with motors M and M. 
Signals from these sensors operate in their respective 
feedback circuits, subsequently to be described, to pro 
duce voltages therein which represent the attractive 
forces F and F required to produce the voltages E 
and E, for support of the motors M and M, at selected 
gaps land l, such representative voltages correspond 
ing to the voltage component F of equation (4). 
When it is desired to maintain constant motor gaps 

notwithstanding changes in passenger loading, or wind 
loading, on the vehicle, such changes will, in turn, 
change the opposing forces and the gaps. The position 
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sensors, however, sense the gap changes and produces 
signals which are integrated to produce appropriate ad 
justment in the feedback voltages representing the . 
forces F and F. These signals, moreover, are differ 
entiated to provide velocity feedback for dampening 
adjustment of these voltages. 
Vehicle V further carries accelerometer sensors S 

and Sa which are made to sense up and down accelera 
tions of the vehicle caused, for example, by variations 
in the vertical radius of curvature of the track to thus 
produce signals for the further adjustment of the feed 
back voltages representing the magnetic forces F and 
F and, further, by the integration of such signals, to 
develop velocity feedback voltages for the develop 
ment of the reactive voltage component of equation 
(4). 
A second pair of accelerometers S4 and Ss are car 

ried on the vehicle and directed to sense lateral accel 
erations occuring during turning movements of the ve 
hicle so that signals therefrom may be used to produce 
relative adjustments of the gaps l and la for banking 
purposes, thereby obviating the need for banking the 
track and rails R and R. Thus, for example, referring 
again to FIG. 2, and assuming that the vehicle V is 
caused to move in a turn to the left, the sensors S and 
SAs will sense acceleration forces directed to the right 
of the vehicle, and signals from sensor SA associated 
with motor M will cause a decrease in gap land sensor 
SAs associated with motor M will cause an increase in 
gap lz, thereby to effect the desired banking to negoti 
ate the left turn. 

Referring now to FIG. 3, there is shown thereon a ve 
hicle V having three linear electric motors Ma, M and 
Ms of which Ma is used for suspension and propulsion, 
or for suspension alone, and motors M and Ms are 
used for guidance and propulsion, or for guidance 
alone. Their respective force fields are designated ff. 
and f, and are generated in relation to their associated 
fixed rails Ra, R, and Rs in the same manner as the 
force fields f. and f, of motors M and M of FIG. 2. 
The gaps l and ls will normally be equal so that the 

magnetic attractive forces F and Fis will also be 
equal and, being opposite, will present the required op 
posing force, each to the other, to maintain balance. In 
this case, the attractive forces, at equal gap lengths l, 
ls, may be set at any desired strength upwards from 
zero. At zero force setting, of course, there would be 
no force fields f, and f. 
Considering first the zero force field setting at equal 

gaps, it will be presumed that provision is made, as sub 
sequently described, for producing either of the forces 
F and F as its associated motor M, Ms is moved 
with the vehicle to increase its gap l, or ls above the 
equal gap setting In such case, the generated attractive 
force will setting. in proportion to the increase in gap 
and will oppose the acceleration force on the vehicle 
which caused the particular gap l or ls to increase. In 
this case, one of the accelerometer sensors SA, or Sas 
will aid in the development of the attractive force re 
quired to overcome the lateral acceleration force. 
When the acceleration ceases, the other sensor will 
generate an opposing attractive force to control the de 
celeration of the vehicle upon return of the same to the 
equal gap condition. 
When it is desired to use the force fields f, and f for 

propulsion, in addition to guidance, some suitable 
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strength of opposing attractive forces F4 and Fis is 
maintained at all times. 
The feedback circuits of FIGS. 4 and 4A are taken 

from the parent application and are incorporated in 
this disclosure as embodiments of suitable circuitry for 
developing the magnetic attractive forces F1 to Fis of 
FIGS. 1 to 3, the feedback circuits for this purpose per 
forming the multiplications and summations of equa 
tion (4). Other disclosures of the parent application are 
incorporated herein by reference to that application. 
Referring first to FIG. 4, the accelerometer 20 repre 

sents any of the accelerometer sensors SA and S42 of 
FIG. 2 and Sa of FIG. 3 which have a mass of relatively 
appreciable magnitude disposed to be sensitive to verti 
cal accelerations. It also represents either of acceler 
ometer sensors SA and SAs as the same are employed 
in the FIG. 2 and FIG. 3 arrangements to sense lateral 
acceleration and thereby provide inputs to the feed 
back circuits of motors M and M and motors M and 
Ms respectively, in the same manner as sensors SA and 
SA provide inputs to their respective feedback circuits. 
Accelerometer 20 may be of a piezoelectric type, 

such as Endevco type 2200, or a servo type such as de 
veloped for space use which does not have the very low 
frequency “noise' and random variations characteris 
tic of the piezoelectric types. 

Signals from accelerometer 20 pass through a com 
pensating network 21 which alters the frequency vs. 
amplitude response thereof to provide about 10 db of 
feedback within the range of frequencies of the order 
of 4 to 5 hertz to make the suspension system insensi 
tive to second order variations such as variations in 
motor magnetic structure, variations in the a.c. resis 
tance of windings, winding resistance variations with 
temperature, d.c. and a.c. gain variations in the feed 
back network, and instability at certain gap lengths. 
Network 21 also integrates the accelerometer signals to 
provide velocity feedback which is effective over a 
range of frequencies of the order of 4 to 10 hertz. 

Position transducer 22 is a sensor element which pro 
vides length of gap information and represents any of 
the length of gap sensing position or placement sensors 
Sp1 to Sps of FIGS. 2 and 3. Sensor element 22 may em 
ploy mechanical contact, or optical, sonic or other suit 
able means to accomplish measurement of the gap 
which may range from substantially zero to one-half 
inches. 

Position transducer 22, for example, may be a linear 
potentiometer having a mechanical roller which is car 
ried by its slider and urged yieldably into contact with 
rail 2 whereby the potentiometer is adjusted as the 
roller and slider are moved in response to any changes 
in the motor-to-rail gap as the roller rides along the rail. 
Motor 1 and rail 2 represent the various motor and rail 
combinations disclosed in FIGS. 2 and 3, and the po 
tentiometer may be suitable carried either by the vehi 
cle or on the particular motor with which it is used. 
An optical displacement sensor 22 may be arranged 

with a photocell on one side of the motor-rail gap and 
illumination means on the other so that more or less 
light is caused to enter the photocell to change its elec 
trical response as a function of gap length. 
An ultra-sonic sensor 22 may be arranged to produce 

ultra-sonic sound reflections from the rail so that de 
tected changes in phase of the transmitted and re 
flected sound may provide a suitable measure of gap 
length and changes therein. 
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Signals from position transducer 22 are supplied to a 
compensating network 23 and also to a multiplier 25, 
subsequently to be described. 
Compensating network 23 provides an adjustable ref 

erence for the gap measurement in electrical terms, 
that is to say, this reference may be adjusted to preset 
a selected gap which the position sensor will seek. The 
compensating network 23 also has provision for adjust 
ing its position signal to zero for a selected gap, or to 
some strength other than its normal signal for that gap 
for purposes of the FIG. 3 vehicle guidance operation, 
aforedescribed. The compensating network 23, more 
over, has provision for receiving signals from the accel 
erometer sensors S and SAs of FIG. 2 to provide bank 
ing adjustment of gaps land l, as aforedescribed. Net 
work 23, in addition, provides velocity and integrated 
displacement feedback. Integration is performed over 
a range of frequencies from 0 to about 1.2 hertz, and 
differentiation is performed over a range of frequencies 
from 1.2 to about 5 hertz. 

Signals from the compensating network 23 pass to 
compensating network 21 where they are combined, 
that is, are algebraically summed with the acceleration 
signals for common amplification to provide a force 
proportional voltage representative of the function F. 
in equation (4). This force-proportional voltage oper 
ates in the whole feedback system to enable motor 1 to 
produce a magnetic force F of 1 g, that is, an equal 
and opposite force in relation to gravity whereby the 
motor-vehicle mass is magnetically suspended. 
As hereinbefore discussed, the magnetic force F is 

proportional to the square of the motor current which 
is a non-linear relationship which must be linearized in 
order to provide feedback stability. Linearization is 
achieved by taking the square root of the force 
proportional voltage output of network 21 in accor 
dance with the mathematical requirement expressed by 
the function VF, in equation (4). 
This required square-rooting of the force 

proportional voltage output of network 21 is performed 
by the square-root circuit 24 which is typically an oper 
ational amplifier entity employing non-linear transistor 
characteristics to give an electrical output that is the 
equivalent of the square-root of the electrical input. 
The length of gap and square-root outputs of position 

transducer 22 and square-root circuit 24 are applied as 
first and second inputs to multiplier 25 and multiplied 
thereby to provide a product which corresponds to the 
product requirement VFX lR of equation (4). Mul 
tiplier 25 is an operational entity whose output is the 
product of two electrical inputs, and it thus provides an 
output voltage that increases with gap length. The elec 
trical path through multiplier 25 is independent of fre 
quency so that an output is produced thereby at zero 
frequency which is the condition when the gap length 
is constant between the motor 1 and rail 2. 
The output of square-root circuit 24 is also applied 

to perfect differentiator 26 which is an amplifier having 
a resistance-capacitance circuit to perform electrical 
differentiation and thus provide the first derivative of 
its input over a frequency from substantially zero to 
200 hertz. The capacitor is not shunted by any conduc 
tive path and so the output of the differentiator is zero 
for zero frequency, that is, for d.c., which is the condi 
tion when the motor-to-rail gap is constant. The 
amplifier-differentiator circuit of perfect differentiator 
thus produces and provides an a.c. path for the voltage 
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which represents the reactive component j VFX Ko 
of equation (4). The output of differentiator 26 thus 
provides a voltage which increases with the feedback 
frequency, that is, the frequency of the sensed signals. 
The outputs from multiplier 25 and differentiator 26 

are summed algebraically to provide to the input of am 
plifier 95 a feedback control voltage which represents 
the sum of the resistance and reactance voltage compo 
nents of equation (4), namely, 

VF IR +j VF K4a) 
Ot 

VF (lR + jKo). 
After amplification at level raising amplifier 95, and 

gain setting potentiometer 96, the feedback control 
voltage is applied to the controllable power supply 38 
which is a power amplifier of the Class B type for low 
power output of about one kilowatt or of the Class D 
type or gated-silicon-controlled-rectifier type for 
higher power outputs. The basic source of power for 
these amplifiers, for example, is an external power sup 
ply 39 having 3rd rail connections 39" with the vehicle 
V. 
Controllable power supply 38 provides the terminal 

voltage E applied to motor 1 to develop the magnetic 
attraction force F. The combined gains of potentiom 
eter 96 and the voltage gain of amplifier 38 determines 
the constant Ks in equation (4) such that the motorter 
minal voltages becomes: 

which is equation (4). 
The motors may be built in a large range of sizes, but 

as an example, for a 30 inch long motor capable of sup 
porting 2,000 pounds, the several aforementioned 
constants may have values expressed in inches as fol 
lows: 

K = 0.48 K = 0.1 K = 2.1 K = 0.1. 
Referring now to FIG. 4A, accelerometer 20 is a pi 

ezoelectric accelerometer of the Endevco type 2200 
and is shown to have a mass 40 of appreciable magni 
tude which is so disposed on the vehicle V or on motor 
1 of FIG. 4 so as to be sensitive to vertical acceleration 
to thus enable the accelerometer to perform its re 
quired feedback functions, as aforedescribed, as well as 
to provide the “soft' ride features which characterize 
this invention. 
Amplifier entities 41, 42 and 43 comprise elements 

of compensating network 21. 
Amplifier 41 is a known impedance-matching ampli 

fier and is required to reduce the very high impedance 
of a piezoelectric accelerometer to an ordinary circuit 
value. The amplifier is a Motorola MC 1456G inte 
grated circuit amplifier, or an equivalent operational 
amplifier. It is connected as a source-follower and has 
no gain, nor phase shift. The input circuit includes re 
sistor 44, of 250 megohms resistance, connected from 
amplifier terminal 3 to ground to provide an input bias 
current path for the amplifier. This is shunted by capac 
itor 45, of 1,000 picofarads (pf) capacitance, which 
acts as a padding capacitor to the stray capacitance of 
the input lead from the accelerometer to terminal 3. 
The several terminals of the integrated circuits, opera 
tional amplifiers, etc. have been given small numerals, 
corresponding to those given by the manufacturer on 
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the device itself. The internal circuits for these devices 
are known from the manufacturer's catalogs. 
Amplifier 41 has a feedback circuit between its ter 

minals 6 and 2 comprised of a 250 megohm resistor 46, 
shunted by capacitor 47, of 1,000 pf capacitance. Ter 
minal 7 is connected to a direct current energizing 
power source having a voltage of the order of -- 15 
volts, while terminal 4 is connected to a similar source 
having the opposite polarity of- 15 volts. Each of these 
connections is filtered by a 0.1 microfarad (puf) capaci 
tor connected therefrom to ground. 
Capacitor 48, of 200 puf capacitance, is connected to 

the output terminal 6 of amplifier 41 to restrict the low 
frequency signal amplitude from the accelerometer 
with a roll-off starting at 0.13 hertz. This removes the 
"noise" from the accelerometer circuit at low frequen 
cies. Resistor 49, of 6,800 ohms, connected in series 
with capacitor 48 and with resistor 50, of 0.2 megohms, 
sets the accelerometer channel gain. Amplifier 42 pro 
vides an accelerometer channel gain of 200/6.8 = 30. 
The second terminal of resistor 49 connects to input 
terminal 2 of amplifier 42, a Motorola MC 1741CG in 
tegrated circuit or equivalent. 
There is also another connection to terminal 2; from 

the output of the gap-length sensor circuit, to be later 
described. 
Amplifier 42 functions as a simple amplifier, having 

a feedback circuit connected between input terminal 2 
and output terminal 6 comprised of resistor 50, of 20 
Kohms, shunted by capacitor 51, of 1,500 pf. The volt 
age supply and grounding connections are standard and 
are known. The gain of amplifier 42 is approximately 
30, up to an upper cut-off frequency of 8 hertz. 
The algebraically summed signals from the acceler 

ometer and gap-sensor now pass into terminal 2 of am 
plifier 43, of MC 1741G type, through resistor 53, of 
30,000 ohms resistance, which is used for gain setting. 
The feedback circuit of amplifier 43 is the same as that 
of amplifier 42; i.e., resistor 50' of 0.2 megohm and ca 
pacitor 55 of 0.2 microfarad. Supply circuits are con 
ventional. The gain of amplifier 43 is approximately 7, 
with an upper cut-off frequency of 4 hertz. 
Capacitor 55 acts as a partial integrator upon the ac 

celeration feedback signal. This provides a quasi 
velocity feedback signal and prevents an oscillatory 
condition otherwise existing because of an 180° phase 
shift between acceleration and displacement. This is 
effective from a frequency of the order of 10 hertz 
down to 4 hertz. Below 4 hertz differentiation of the 
position (displacement) feedback occurs to provide the 
velocity component. This is produced by capacitor 58 
in the input circuit to amplifier 61, hereinafter to be de 
scribed. 
The combination of these two signals gives control of 

the phase of the feedback circuit so that displacement 
information can be fed into a system that has feedback 
from an accelerometer included in it. Actually, four as 
pects of feedback are present in the system to give a 
high degree of stability; the integral of displacement to 
bring the system back to a mean gap length after load 
changes in the vehicle, displacement feedback to stabi 
lize the integral displacement feedback circuit, velocity 
feedback to stabilize and damp the displacement feed 
back, and acceleration feedback to stabilize and damp 
the velocity feedback. At the same time the accelera 
tion feedback corrects second order non-linearities in 
the linearizing circuit comprised of square-root circuit 
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24, multiplier 25, and differentiator 26. This mode of 
operation is required for any system of the nature of a 
magnetically supported railroad, where the air-gap 
length is purposely allowed to vary to accommodate 
"rough track.' The gap is brought back to a mean 
value gradually, to provide a “soft' ride. 

Position transducer 22 is shown to be a potentiom 
eter 56 connected to ground and shunted by a source 
of voltage such as battery 57. Its slider or wiper carries 
the aforedescribed rail-engaging-roller, not shown. 
Typically, battery 57 may have a voltage of 10 volts and 
the travel of the slider have a travel of one-half inch. 
This range of travel normally covers the operating 
change in the length of the air gap, the preferred length 
of which is one-quarter inch or perhaps slightly less. 
These constants give a voltage of 20 times l; i.e., 20 
times the length of the air gap as measured in inches. 
Battery 57 may, alternately, be a regulated power sup 
ply of the same voltage. 
The output from position transducer element 22 

passes to compensating network 23. Capacitor 58, of 
0.1 uf, in series with resistor 59, of 4,700 ohms, all 
shunted by resistor 60, of 1.5 megohms, are the initial 
elements of compensating network 23. This network 
has a resistive impedance of 1.5 megohms from d.c. to 
1.2 hertz, decreasing to about 4,700 ohms at 350 hertz. 
This provides a velocity signal (i.e., differentiated dis 
placement) at frequencies above 1.2 hertz. 
This output passes to input terminal 2 of operational 

amplifier 61, an MC 1741G type. Both input terminals 
2 and 3 of this amplifier are individually returned to 
ground through resistors 62 and 63, of 22,000 ohms, to 
provide a path for the input bias currents of this ampli 
fier. 
The feedback circuit for amplifier 61 is comprised of 

resistor 64, 10,000 ohms, in series with capacitor 65, 
100 puf, with resistor 66, 100,000 ohms, shunted across 
the capacitor. This gives an impedance of 110,000 
ohms for d.c. and of 10,100 ohms at 14 hertz, approxi 
mately. This results in the gain of amplifier 61 at fre 
quencies below 1 hertz being considerably greater than 
at higher frequencies. This is to increase the loop gain 
at low frequencies and to provide an integral of dis 
placement function as a feedback signal to gradually 
correct for changes in load. 
Since the purpose of the feedback system is to cor 

rect for changes in loading of the vehicle, wind pressure 
and unevenness of the track, the frequency of the feed 
back signals is very low with respect to the frequencies 
handled by usual electrical networks. Feedback must 
be maintained at zero frequency (d.c.). The range of 
frequencies of maximum interest extends from 0 to 5 
hertz for the displacement channel and from 0.3 to 30 
hertz for the accelerometer channel. 
Potentiometer 67, of 50,000 ohms total resistance, is 

connected between positive and negative voltage sup 
ply sources, each of which has a voltage of 15 volts with 
respect to ground. Bypass capacitors, of 50 puf, are pro 
vided from each to ground to remove extraneous varia 
tions, as known. Potentiometer 67 provides a voltage 
adjustment for any initial offset voltage in amplifier 61. 
Its slider is connected to input terminal 3 thereof, 
through isolating resistor 67 of 1 megohm. 
An additional input to terminal 3 of amplifier 61 is 

from potentiometer 68, of 2,000 ohms, and passes 
through attenuating resistor 68' of 1.5 megohms, to 
provide a reference displacement proportional voltage. 
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Amplifier 61 generates an output voltage proportional 
to the difference between the voltage reference input 
to resistor 68' and the input to resistor 60, which is the 
voltage from displacement transducer 22. Voltage 
dropping resistor 69, connected in series with potenti 
ometer 68 from the positive voltage connection to 
ground, typically has a resistance value half as great as 
the resistance value of potentiometer 68. 
The output of amplifier 61, from terminal 6, passes 

to terminal 2 input of amplifier 42 through resistor 66', 
of 22,000 ohms, a summing resistor. It is at this point 
that compensating network 23 joins that of 21, for the 
inclusion of amplifiers 42 and 43 in common. The out 
put from amplifier 43 is taken from terminal 6 and 
passes through diode 54 with the cathode thereof con 
nected to the terminal so that only negative signal vari 
ations will be passed on. Additionally, diode 52 is con 
nected as a feedback element on amplifier 43 to pre 
vent positive voltage excursions. 
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Only negative voltages are allowable at the input of 20 
the square-root circuit which follows because inversion 
therein to positive signal polarity occurs before the 
square-root function takes place. This prevents taking 
the square-root of negative numbers, which are imagi 
nary. Herein the square-root circuit becomes inopera 
tive because feedback of positive polarity drives it to 
current saturation. 
The force-proportional voltage output at amplifier 43 

is made to be linearly proportional to a force between 
the load mass and the rail. Referring to equation (4), 
to develop the proper voltage E to be applied to the 
motor windings, the force-proportional voltage is to be 
square-rooted and multiplied by (lR + jKo). 
The first electrical device to significantly execute the 

mathematics of linearization is the square-root circuit 
24. This may be an integrated circuit 24", of type MC 
1494L (Motorola) normally known as a "multiplier' of 
electrical signals fed into it. This multiplier is placed in 
the feedback circuit of an operational amplifier 70 and 
the square-root of the signal input is provided there 
from. The theory and practice of this square-root per 
formance is known, being set forth in the (Motorola) 
manufacturer's, "Specifications and Applications In 
formation,” October 1970 - DS 9163. Operational 
amplifier 70 may be an MC1741G integrated circuit. 
The output from the previously mentioned diode 54 

is connected to gain-setting resistor 71, of 52,000 
ohms, and also to ground through resistor 72, of 1,000 
ohms. The latter resistor provides a path for any leak 
age current in diode 54. The input from resistor 71 is 
connected to terminal 14 of multiplier 24' and also to 
terminal 2 of amplifier 70. The output of this amplifier, 
at terminal 6, is connected to terminals 9 and 10 of the 
multiplier and also to ground by a small capacitor 73, 
of 10 pf capacitance, in series with resistor 74, of 510 
ohms. Zener diode 75 is also connected between the 
output of amplifier 70 and ground to prevent acciden 
tal latch-up (malfunctioning) of the circuit. A type 
1 N5241 may be used. 
The feedback path for amplifier 70 is the multiplier 

24' connected between input terminal 2 and outputter 
minal 6 of amplifier 70 and terminals 9 - 10 and 14 of 
the multiplier. Capacitor 76, of 10 pf capacitance, is 
connected between amplifier terminals 2 and 6 for the 
purpose of phase-compensating the amplifier. Input 
terminal 3 thereof is connected to the slider of potenti 
ometer 77, which potentiometer has a resistance of 
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20,000 ohms. This provides a voltage reference for the 
amplifier. This potentiometer is connected in parallel 
with a duplicate potentiometer 78, which is connected 
between terminals 2 and 4 of multiplier 24'. A resistor 
79, of 62,000 ohms, and a resistor 80, of 30,000 ohms, 
are respectively connected between terminals 7 and 8 
and 11 and 12 of multiplier 24"; and a resistor 81, of 
16,000 ohms, is connected between terminal 1 and 
ground. A voltage source, typically of 15 volts of posi 
tive polarity, is connected respectively to terminals 7 
and 15 of the amplifier and multiplier, whereas a volt 
age source typically of 15 volts of negative polarity, is 
respectively connected to terminals 4 and 5 of the am 
plifier and multiplier. 
At the input to the square-root circuit 24, a negative 

signal voltage of 4 volts produces in the whole system 
a force of 1 g; that is, there is produced an equal an op 
posite force in relation to that of gravity, whereby the 
motor-vehicle mass is magnetically suspended. With 
the connections and voltages given, the output of the 
square-rooter circuit 24 at terminal 6 of amplifier 70 is 
the square-root of 10 times the input. This is the 
square-root of 10 in effective amount and is taken into 
consideration in establishing the whole feedback gain. 
Mathematically, such functioning of the electrical cir 
cuits is accounted for in the values of the several K 
ConstantS. 
The output from the square-root circuit is connected 

to the input of multiplier 25 to perform the lR portion 
of equation (4), and also to the input of perfect differ 
entiator 26 to perform the jKo term. The input to mul 
tiplier 25 is terminal 10 of multiplier 25' and to the per 
fect differentiator is capacitor 83 through resistor 90. 
The above input to the multiplier may be termined 

the x input. They input is connected to input terminal 
9 and comes directly from potentiometer 56 of position 
sensor 22 through resistor 84 for isolation. The resis 
tance value of resistor 84 may be 0.1 megohm. Both 
input terminals 10 and 09 are also connected to ground 
through capacitors 85 and 85", of 10 pf capacitance, in 
series with resistors 86 and 86', of 510 ohms resistance, 
respectively. These prevent high frequency parasitic 
oscillations. 

Resistors 79', 80' and 81' are identical in resistance 
value and connection to multiplier unit 25' as these 
were with respect to unit 24" of square-root circuit 24. 
So also are potentiometers 77' and 78", except that the 
resistance value of potentiometer 77' is 50,000 ohms. 
An additional potentiometer 87, of 20,000 ohms, is 
connected across terminals 2 and 4 of units 25', with 
the slider connected to terminal 6. These three potenti 
ometers are adjusted to give proper x, y and output off 
set bias, as outlined in the manufacturer's 'Specifica 
tion and Application Information' previously referred 
to. 
An MC 1741G operational amplifier 89 coacts with 

multiplier unit 25' to give the complete multiplier 25. 
Feedback capacitor 76', of 10 pf, is connected to the 
amplifier at terminals 2 and 6, and is shunted by resis 
tor 88, of 52,000 ohms. Positive and negative voltage 
supply sources are as previously described. 

Perfect differentiator capacitor 83 has a capacitance 
of 0.2 puf. It is in series with resistor 90, of 1,000 ohms 
resistance. The capacitor connects to input terminal 2 
of operational amplifier 91, which may be a MC 1741G 
type. The feedback circuit of this amplifier is com 
prised of capacitor 92, of 0.0068 uf, and resistor 93, of 
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0.1 megohm, in parallel and connected between ampli 
fier terminals 2 and 6. Second input terminal 3 is 
grounded. Positive power supply voltage is connected 
to terminal 7, while the same in negative polarity is 
connected to terminal 4. This amplifier-differentiator 
provides the first derivative of the input over a fre 
quency range of from essentially zero to 200 hertz. 
The output from amplifier 91 is taken through sum 

ming resistor 94, of 62,000 ohms, to input terminal 2 
of amplifier 95. The latter mainly raises the signal level, 
after providing for the summing, for parallel feeding all 
of the three-phase multipliers that follow. Similarly, the 
output from multiplier operational amplifier89 is taken 
through summing resistor 94', of 62,000 ohms, and 
connects to input terminal 2 of amplifier 95. This pro 
vides the total electrical representation of VF(lR + 
jKo) of equation (4). 
The feedback circuit 92', 93 of amplifier 95 is the 

same as the feedback circuit 92, 93 of amplifier 91; 
also, input terminal 3 is connected to ground and the 
power supply connections are the same as for amplifier 
91. 
The output at terminal 6 of amplifier 95 passes to po 

tentiometer 96, which is grounded, as shown. The 
slider of the potentiometer is connected to the control 
lable power amplifier 38 of FIG. 4 which provides a 
motor terminal voltage and motor current which, in 
turn, produces a magnetic force F equal to 1 g when 
a negative voltage input to the square root circuit is 4 
volts. 
Considering operative details of the feedback circuits 

of FIGS. 4 and 4A which are designed to provide a 
"smooth' ride in the transportation of people, adjust 
ment of the suspension gap length l is accomplished by 
varying the voltage at input 3 of amplifier 61, as deter 
mined by the setting of potentiometer 68. The gain of 
amplifier 41, of course, is unity. The gain of amplifier 
42 is approximately 30, up to an upper cut-off fre 
quency of 8 hertz. The gain of amplifier 43 is approxi 
mately 7, with an upper cut-off frequency of 4 hertz. 
When the output of this amplifier is -4 volts, the force 
exerted by motor 1 is 1 g; i.e., the vehicle is suspended. 

In forming the feedback circuits according to this in 
vention use is made of the fact that the a.c. flux density 
in the motor to rail air-gap does not vary if the length 
of the gap changes. This flux density is affected only by 
the value of the volts-per-turn in the magnetic struc 
ture, and so the voltage only in any given magnetic 
structure. Multiplier 25 provides compensation for d.c. 
flux density changes with change in the length of the 
air-gap. Position transducer element 22 senses the d.c. 
gap length and the gain of the feedback circuit is modu 
lated to increase with gap length, maintaining the over 
all system gain, including the characteristics of motor 
1, constant. 
In a typical motor the inductive reactance of the coils 

is equal to the resistance of the coils at a frequency of 
the order of 2 hertz. The inductance varies inversely 
with the length of the air-gap. Proper feedback perfor 
mance is maintained, however, by provision of the d.c. 
path through multiplier 25 and the a.c. path through 
perfect differentiator 26. The exciting current through 
the motor coils increases with gap length, thus the d.c. 
flux remains constant. 

In practical operation, this necessary mode of opera 
tion requires that extended periods of suspension at 
long air-gaps cannot be allowed. It is good practice to 
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rate the amplifiers comprising controlled power supply 
38 for the average length of gap encountered and to re 
turn the vehicle to that length within a few seconds 
without causing an artificial jolt after a gap-lengthening 
perturbation. 
The force exerted magnetically by the motor in pro 

viding suspension varies as the square of the current in 
the windings of the motor. This is a non-linear relation. 
Non-linear elements in the feedback circuit, such as the 
square-root circuit 24 of FIGS. 4 and 4A make the out 
put of the feedback circuit linear, from a voltage input 
to a force output. This results in a constant feedback 
loop gain at all values of alternating current frequency 
and at all gap lengths of the motor to the rail. More 
over, this results in a uniform easiness of ride. A typical 
variation of gap may extend from + 100 percent to 
nearly - 100 percent of a normal value of 1.0 inch. To 
prevent the motor from actually contacting the rail, a 
flat automotive type brake shoe may be arranged to 
bear upon the rail instead, as a safety measure. 
Because an inertial reference, accelerometer 20, is 

used in the vertical plane, the feedback circuit ignores 
small track irregularities and does not pass them on to 
the passengers in the form of vibration or quick jolts. 
Only a mean gap is maintained by the displacement 
(position) transducer 22. 
Referring again to the FIG. 4A showing of compen 

sating network 23, a selected gap l for suspension 
would normally be set by adjustment of potentiometer 
68. If the same magnetic forces involved in suspension 
are applied laterally as in FIG. 3, and the motors M, 
Ms therein have selected gaps which are equal, the 
magnetic forces F and Fis will be equal and opposite 
and each have a magnitude corresponding to their 
equal gaps determined by adjustment of their respec 
tive potentiometers 68. When it is desired that the 
forces F and Fis be generated only upon deviations 
from the equal gaps, offset voltage adjusting potenti 
ometer 67 is set to reduce the voltage applied to input 
terminal of amplifier 61 to zero. 
When it is desired that some magnetic coupling be 

tween the rails R and Rs and motors M and Ms be 
maintained at all times, as for increased stability in 
guidance control notwithstanding the accompanying 
magneti drag, or to provide propulsion, the potentiom 
eters 67 for the respective motors may be set at some 
suitable value to provide strengths F and Fis which 
are greater than zero at equal gap settings. 
For purposes of achieving banking of the vehicle V 

shown in FIG. 2, banking control channels for acceler 
ometer sensors S and SAs respectively comprise its ac 
celerometer and an amplifier such as amplifier 41 to 
gether with its associated input and output circuit ele 
ments. In such case, the output resistor 49 of each 
banking control channel is connected as shown in FIG. 
4A to the slider of potentiometer 67. Any input from 
the banking channel will thus alter the gap as long as 
the lateral turning force sensed by its accelerometer 
persists. 
Reference is now directed to FIGS. 5 and 6 which 

disclose the preferred embodiment of a complete feed 
back circuit for controlling both the suspension and 
propulsion of a tracked vehicle-linear electric motor 
system such as disclosed in FIG. 2. 

Referring first to FIGS. 5 and 2, the accelerometer 
20, as before, provides a signal proportional to an up 
ward or downward inertial force acting on the vehicle 
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V. The position transducer 22, as before, provides a 
signal proportional to the length of the motor-to-rail 
gap l. 
The frequency compensating networks 21" and 23' 

have generally the same composition as their counter 
part circuit networks 21 and 23, of FIG. 4, and func 
tion, moreover, generally in the same manner to pro 
duce at the output of network 21' a force-proportional 
voltage which represents the quantity F. in equation 
(4). When this voltage is a negative 4 volts, the termi 
nal voltage at the motor windings is just sufficient so 
that the motor produces a suspension force F of 1g. 
Square root circuit 24' also has generally the same 

composition and functions generally in the same man 
ner as its counterpart element 24 in FIG. 4 whereby the 
square root of the force-proportional voltage repre 
sented by VF, in equation (4) is provided in its out 
put. 
For the purposes of explaining the feedback circuit 

arrangement of FIG. 5 and its manner of functioning to 
perform the summations and multiplications required 
by equation (4), this equation preferably is expressed 
in the form: 

E = K, VF (lR + jKf) 
(9) 

=K VFlR + jK VF. Kf 
(9A) 

where: 
j represents the reaction symbol 
f is the propulsion frequency 
K and K have constant values hereinafter to be de 
scribed. 

The multiplications and product summations involv 
ing the square-root quantity VF, as set forth in equa 
tion (9) are performed in a frequency control channel 
presently to be described. This channel comprises 
speed control 30, three phase variable frequency oscil 
lator 31, multipliers 120 to 122 and 135 to 137, and dif 
ferentiators 143 to 145. 
Speed control 30 controls the frequency of oscillator 

31 which preferably provides the three phase voltages 
dbA, dB and bO, although any number of phases from 
two upward may be used. The three phases typically 
are separated by 120 electrical degrees in time, and the 
circuits and windings 111, 112 and 113, FIG. 6B, are 
typically “star' (i.e., "Y') connected. Oscillator 31 
supplies alternating current at constant amplitude and 
essentially of sinusoidal shape over a frequency range 
from zero frequency at standstill to a low audio fre 
quency of the order of 80 hertz at high speed. 
When the system is in operation at standstill and zero 

frequency, each phase of the oscillator is required to 
produce an output to enable the feedback circuit to 
provide the suspension magnetic flux in the motor-to 
rail gap. It will be understood, however, that the system 
may be operated at standstill at any frequency provid 
ing at least one of the three phase windings is discon 
nected so that the moving field required for propulsion 
is not established, and at least one of the phased cir 
cuits is in operation to enable the feedback circuit to 
develop the suspension flux. 

Oscillator 31 may be comprised of three mechani 
cally driven sine-wave-generating potentiometers to 
provide relatively low frequencies, the potentiometers 
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being rotated by hand for testing or by a geared-down 
variable speed motor for relatively low speed transport 
use. In such case, speed control 30 is a rotatable shaft, 
hand or motor driven, having three potentiometer slid 
ers attached thereto and angularly spaced apart from 
each other thereon by 120 electrical degrees. The po 
tentiometers are of circular configuration and suitable 
for full and repeated rotation of the sliders thereon. 
The potentiometers preferably are wound to provide 
sinusoidal voltage variations with rotation of the slid 
ers, the three phase output being provided therefrom 
when a d.c. source is applied across the potentiometers 
connected electrically in parallel. 

Oscillator 31, alternatively, may be a function gener 
ator such as type 120-020-3, manufactured by the 
Wavetek company of San Diego, Calif. Such oscillators 
are voltage responsive, the frequency output increasing 
with the input voltage. In such case the speed control 
device 30 may be a potentiometer. 
The three phase output from oscillator 31, namely, 

phased voltages dA, bb & dC, are applied as the X in 
puts to multipliers 120, 121 and 122, respectively, the 
aforementioned square root voltage from the square 
root circuit 24' being applied to the Y inputs thereof. 
The resulting product output of each of these multipli 
ers is a sinusoidal voltage having a magnitude repre 
sented by the equation product K. V.F. 
The outputs from multipliers 120, 121 and 122 are 

applied, respectively, as the X inputs to multipliers 135, 
136 and 137, the aforementioned air gap length pro 
portional signal from transducer 22 being applied to 
the Y inputs thereof. The resulting product output of 
these multipliers is a sinusoidal voltage having a magni 
tude represented by the equation product K. VFlR. 
This voltage is the resistive or non-reactive component 
of the feedback control voltage E of equation (9A). 

It will be understood that each of multipliers 120, 
121 and 122 and 135, 136 and 137 gives the product 
of its X and Y inputs whether or not there is propulsion, 
that is, whether or not, the ba, dbb and dC voltages are 
varying sinusoidally or are "frozen' to instantaneous 
values at standstill. A common control is thus exercised 
over the control signals and suspension is maintained 
both at standstill and during propulsion. 

It will also be understood that multipliers 120 to 122 
and 135 to 137 have substantially the same composi 
tion and function as the aforedescribed multiplier 25 of 
FIGS. 4 and 4A and thus, like multiplier 25, are not in 
fluenced by the frequency of the signal inputs thereto 
since the paths therethrough are essentially d.c. The 
varying frequency of the X inputs to the multipliers will 
thus have no effect on the magnitude of their outputs, 
and the frequency can be varied as required for vehicle 
speed control without affecting the feedback voltage 
control required to maintain suspension. 
The impedance of the motor windings, however, in 

creases with frequency, as before discussed, and it is 
necessary therefore to increase the feedback voltage E 
accordingly so that the motor current will be of the 
proper strength to keep the suspension flux constant at 
all motor speeds. This increase in control voltage E as 
a function of propulsion frequence and speed, is pro 
vided by differentiators 143 to 145 which are con 
nected in parallel across their associated multipliers 
135 to 137, that is, the differentiators also receive the 
X input signals to their respective multipliers and sup 
ply their outputs to the inputs of the multiplier amplifi 
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ers, as will more fully appear in the description of the 
circuit details of FIG. 6B. 

Differentiators 143 to 145 have generally the same 
composition and function generally in the same manner 
as perfect differentiator 26 of FIGS. 4 and 4A. Thus, 
each of these differentiators provides only an a.c. path 
therethrough and an output which is a first derivative 
of the input over a range of frequencies determined by 
the values of its resistance-capacitance. In the case of 
differentiators 143 to 145, the voltage output thereof, 
represented by the reactive voltage component K. 
VF. Kf of equation (9A), will increase with fre 
quency from zero to about 700 hertz, being zero to zero 
frequency. 
A significant feature and arrangement of the feed 

back circuit of the present invention is that the in 
creased voltage function provided by the differenti 
ators to compensate for the increase in motor imped 
ance with propulsion frequency does not affect the op 
erations of the multipliers which are performed at volt 
age levels which vary only as required to support sus 
pension, such variations being well within the dynamic 
response range of the multipliers. The dynamic re 
sponse range of the differentiators, on the other hand, 
may be provided fully adequate to accommodate the 
large voltage increases imposed by the vehicle speed 
requirements. 
The respective multiplier and differentiator outputs 

K VFlR and K. VF. Kf for each of phases dA, dB 
and d5C are summed in accordance with the require 
ment of equation (9A) and presented to the controlla 
ble power supply 38' which comprises three high power 
amplifiers 108, 109 and 110 which respectively receive 
the inputs for phases dA, dB and dC. These amplifiers 
preferably are of the Class D type such as type 
MCB1002 available commercially from TRW Semi 
conductors, Inc. of Lawndale, Calif., or a pulse-width 
switching type which uses silicon-controlled-rectifiers 
instead of power transistors, such as Model Y-400642 
available commercially from the Gates Learjet Corpo 
ration of Irvine, Calif. 
Amplifiers 108 to 110 respectively supply their out 

puts to the phased windings 111 to 113, FIG. 6B. Way 
side power for these amplifiers comprises a 3d source 
39' having 3rd rail connections 39' with controllable 
power supply 38'. 
Referring now to FIGS. 6A and 6B for circuit details 

of the suspension and propulsion control circuit of FIG. 
5, and first more particularly to FIG. 6A, the acceler 
ometer 20, as before, has the massive weight 40 and 
connects to the impedance matching network 44, 45 
and amplifier 41 of compensating network 21' gener 
ally in the same manner and for the same purpose as in 
the compensating network 21 of FIG. 4 except that a 
pre-amplifier or first stage amplifier 150 is interposed 
between the input network 44, 45 and amplifier 41 with 
an additional resistor 151 providing an input bias cur 
rent path for amplifier 41. 
Capacitor 48, as before, restricts the low frequency 

signal amplitude from the accelerometer with a roll-off 
starting at 0.13 hertz. This removes the accelerometer 
"noise' at low frequencies. Resistor 49, connected in 
series with capacitor 48 and resistor 50, together set 
the accelerometer channel gain, as provided by ampli 
fier 42, to about 12, with a lower cut off frequency of 
about 0.3 hertz. 
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Resistors 152, 53, 53 and 50' set the accelerometer 

channel gain, as provided by amplifier 43 to about 7 
with an upper cutoff frequency of about 1.7 hertz, this 
gain being principally set by resistors 50' and 53 as in 
the FIG. 4 arrangement. The resistance-capacitance 
network comprises of resistors 152 and 153 and capaci 
tors 155, 156 and 157 provide a constant accelerom 
eter gain of about 7.4 (17.4 db) over the frequency 
range from 0.3 to 3.0 hertz. This value of inertial accel 
eration feedback gives the vehicle an apparent mass of 
7.4 times it actual mass over this frequency range. 
Capacitor 55 acts, as in the FIG. 4A circuit arrange 

ment, as a partial integrator upon the acceleration 
feedback signal to provide the quasi-velocity feedback 
effective over the range of frequencies from about 10 
hertz down to 4 hertz. The frequency compensating 
network 21' makes a second order gain correction of 
about 10db of feedback to the overall feedback net 
work over the frequency range from about (0.13) to 
about 5 hertz, the feedback provided by the frequency 
compensating network 23' otherwise dominating in the 
frequency range from zero to about 4 hertz. 
The accelerometer channel loop gain vs. frequency 

will become more fully apparent from the graphical 
showing of FIG. 8, subsequently to be described. The 
specific component values for the circuit elements of 
the accelerometer and frequency compensating net 
work 21' to provide the response represented by the 
graphs of FIGS. 8 to 10 are set forth in the following ta 
ble: 

Accelerometer Channel 

20 Accelerometer Endevico Type 2200 
44 Resistor 500 megohms 
45 Capacitor 800 pf 
150 Amplifier Philbrick/Nexiu no. 1009 
151 Resistor 10,000 ohms 
4 Amplifier Motorola MC 456 
46 Resistor 0.1 Megohm 
47 Capacitor 0.001 uf 
48 Capacitor 200 uf 
49 Resistor 800 ohms 
66' Resistor 22,000 ohms 
42 Amplifier Motorola MC 1741 
50 Resistor 20,000 ohms 
52 Resistor 475 ohms 
53 Resistor 475 ohms 
154 Capacitor 6.8 uf 
155 Capacitor 3.3 uf 
156 Capacitor 3.3 uf 
53 Resistor 30,000 ohms 
43 Amplifier MC 1741 Motorola 
50' Resistor 0.2 megohms 
52 Diode 1N411 (Sylvania) 
55 Capacitor 0.47 uf 

Square root circuit 24' has generally the same com 
position and circuit arrangement as its counterpart cir 
cuit 24 disclosed in FIG. 4A except that the elements 
73, 74 and 75 of FIG. 4A are not employed in the cir 
cuit arrangement of FIG. 6A. 
The specific component values for the circuit ele 

ments of square-root circuit 24' are set forth in the fol 
lowing table: 

Square-Root Circuit 
24' Integrated Circuit MC1794L Motorola 
54 Diode IN4148 (Sylvania) 
70 Amplifier MC1456 (Motorola) 
7. Resistor 51,000 ohms 
72 Resistor 1,000 ohms 
76 Capacitor 19 pf 
77 Potentiometer 20,000 ohms 
78 Potentiometer 20,000 ohms 
79 Resistor 61,900 ohms 
80 Resistor 30,100 ohms 
81 Resistor 16,200 ohms 
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A position sensor 22' which may be of an eddy cur 
rent type such, for example, as that available commer 
cially from Kaman-Science Corp. No. KD-2300-10C is 
employed to provide positive potential with respect to 
ground. This eddy current sensor may be used in the 
circuit arrangement of FIGS. 4 and 4A in lieu of posi 
tion transducer 22 employed therein. In the use of sen 
sor 22", the length of air gap may be of the order of 2 
inches, the normal value of the gap in such case being 
1.0 inch. 
Frequency compensating network 23' has generally 

the same composition and circuit arrangement as its 
counterpart network 23 disclosed in FIG. 4A except 
that terminal 3 of amplifier 61 is grounded and terminal 
2 has the position voltage output of transducer 22' ap 
plied thereto and is returned to ground through resistor 
62 connected in series with gap setting potentiometer 
161 with appropriate polarity to provide negative volt 
age from its wiper Ws to ground. Resistor 62 and po 
tentiometer 161 provide the path for the input bias cur 
rents of amplifier 61, and wiper Wis is preset in accor 
dance with the desired operating gap. In response to 
the setting of wiper Ws in the selected position, vehicle 
V seeks a motor-to-rail gap position in which the differ 
ence in the voltages on terminal 2 of amplifier 61 pro 
vides the required feedback to suspend vehicle V at the 
selected gap, this operation being substantially the 
same as described in connection with FIG. 4A. 
The specific component values for the circuit ele 

ments of the displacement channel are set forth in the 
following table: 

Displacement Channel 
22' Position Transducer Kaman-Science KD-2300-10C 
58 Capacitor 0.1 uf 
S9 Resistor 4700 ohms 
60 Resistor 1.5 megohms 
61 Amplifier MC1456 Motorola 
62 Resistor 1.5 megohms 
64 Resistor 0.36 megohms 
65 Capacitor 8.4 uf 
66 Resistor 3.6 megohms 
160 Power Supply 10.4 volts d.c. 
161 Potentiometer 1000 ohms 

With reference to frequency compensating network 
23', the integral of displacement provided thereby is 
performed by the action of its integrating capacitor 65, 
FIG. 6A. Any displacement signal from transducer 22' 
differing from the reference signal on wiper Ws results 
in a slow voltage change across capacitor 65. 
Assume, for example, that the load on vehicle V in 

creases by 50 percent. This requires the output of am 
plifier 43 to change from the aforementioned -4 volts 
(equivalent to 1 g) to -6 volts. The d.c. gain from the 
displacement transducer 22' to the amplifier 43 output 
is approximately equal to 155, derived as follows: 

Amplifier 43 Amplifier 42 Amplifier 61 
(Circuit clements) 50' x 50 X 64-66, or, 

152--153-53 66' 62 
(Resistance Values) 2 x 10' x 2 x 10 x 3.96 x 0. 

3.095x103 2.2 x 10 1.5 x 106 =155 approximately. 

After current has stopped flowing in integrating ca 
pacitor 65, there is a resultant displacement error of: 

-4 - (-6)/ 155 = 0.0129 volts 
at terminal 2 of amplifier 61. Since it is assumed that 
20 volts at transducer 22' corresponds to 1 inch, as it 
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does in the case of transducer 22 of FIGS. 4 and 4A, 
then: 

(1' x 0.0129 volts)/(20 volts) = 0.0006' = 0.6 mil 
erOr 

for a 50 percent load change. 
The 0.6 mil error does not integrate to zero because 

resistor 66 is shunted across the integrating capacitor 
65. This error is considered to have negligible effect on 
the operation of the feedback system, however, and as 
a practical matter, may be ignored. 
As an alternative arrangement, the gap may be main 

tained constant not withstanding changes in loading by 
applying to the output of amplifier 43, a load compen 
sating voltage which is proportional to changes in the 
vehicle payload. This load compensating voltage may 
be produced by a transducer of a well known type such, 
for example, as the type known and used in the elec 
tronic scale art. Such a transducer would be interposed, 
for example, between the loaded vehicle mass and its 
support motors, to thus measure the changing load, and 
with its output paralleled with the output of amplifier 
43, to thus compensate for any gap spacing errors due 
to load variations such as resulted in the aforemen 
tioned 0.6 mil error. Such load compensation would 
maintain a substantially constant gap not withstanding 
loading changes, accumulations, etc. 
As described in connection with the circuit arrange 

ment of FIG. 4A, the RC input network 58 to 60 effec 
tively provides velocity feedback (differentiated dis 
placement) over the frequency range from 1.3 to about 
4 to 5 hertz, as may be seen in FIG. 8, noting curve 180 
between points 181 and 182 thereon. Curve 180 repre 
sents the system response when the circuit elements of 
the acceleration and displacement channels of FIG. 6A 
have the specific aforementioned component values. It 
will be noted, moreover, that the DB level of displace 
ment feedback increases rapidly as the frequency de 
creases below 1.3 hertz toward zero, that is, to the d.c. 
state, this being controlled by the RC network 64 to 66 
in the feedback circuit for amplifier 61 which increases 
the amplifier gain with decreasing frequency. 
The relative frequency responses of the acceleration 

and displacement channels may be adjusted by adjust 
ment of the frequency compensating networks 21' and 
23' to give any desired vertical dynamic characteristic. 
Thus, by changing the gain settings provided by adjust 
ment of the values of circuit elements 58, 59, 64, 65, 
and 66, various ratios of acceleration and displacement 
feedback may be used, depending upon the desired 
"stiffness' of the ride with respect to the rails. 

In addition to the aforementioned curve 180 of FIG. 
8 which represents use of a nominal amount of position 
feedback, curve 183 represents a relatively large value 
of position feedback, and curve 184 is for a low value 
of position feedback as would be used for a large high 
speed vehicle operating with an air gap of about 1 inch 
over a relatively uneven track. 
Curve 185 - 186 - 187 of FIG. 8 depicts the open 

loop response through the acceleration channel, this 
being constant for the three disclosed examples 180, 
183 and 184 of position feedback. It may be noted that 
the acceleration loop gain of 7.4 (17.4 db) is constant 
over the flat curve portion 186 which covers the fre 
quency range from 0.3 to 3.0 hertz. This value of iner 
tial acceleration feedback gives the vehicle V an appar 
ent mass of 7.4 times its actual mass over this specified 
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frequency range. Note also, as aforementioned, that 
the acceleration channel "roll-off" in the curve portion 
185 begins approximately at 0.13 hertz. Attention is 
further directed to the portion 187 of the acceleration 
channel response which discloses that the velocity 
feedback provided by this channel extends over the fre 
quency range of about 5 to 12 hertz. 
The curves of FIG. 9 show the deviation from a pre 

set mean gap vs. time when the change in loading is due 
to an external vertical force equal to 0.1 the vehicle 
weight, such loading being continuous as by a wind gust 
or by a change in the number of onboard passengers, 
as aforementioned. The curves 190, 193 and 194 re 
spectively correspond to the curves 180, 183 and 184 
of FIG. 8 in that they represent responses obtainable 
from the same values of relative displacement feed 
back. As is apparent from the showing of FIG. 9, the 
displacement is the least when the value of position 
feedback is the greatest, this being exemplified by 
curves 193 and 194 which respectively exhibit greater 
and lesser "stiffness' than normal feedback curve 190. 
The recovery time for the normal feedback is the least 
of the three examples depicted. However, curve 193 
exhibits the desired gradual return to mean gap 
whereas curves 190 and 194 which permit greater devi 
ations before correction, show greater rates of return 
movement to mean gap, i.e., the return slopes are 
steeper. 
FIG. 10 shows the ability of vehicle V to follow a 

track which has sudden change of radius of upward 
curvature which corresponds to a step change of up 
ward acceleration for the three examples of position 
feedback gain. The curves 200, 203 and 204 respec 
tively correspond to the three values of relative dis 
placement depicted in FIGS. 8 and 9. The minimum 
gain curve 204 shows that the gap is allowed to increase 
0.6 inches greater than the nominal value of 0.4 second 
after the deviation occurred. The deviation rate is zero 
so that the car acceleration is the same as the upward 
track acceleration. This large "jerk' of the track is re 
duced by the magnetic suspension to: 0.110.4 = 0.25 
g/sec. At 0.8 second the car is accelerating upward at 
0.09 g and remains at 0.1 g 0.01 g. Curve 200 shows 
that the vehicle vertical acceleration is the same as the 
track vertical acceleration after 0.1 second, and the 
high gain curve 203 results in vehicle vertical accelera 
tion corresponding to track vehicle acceleration after 
only 0.05 second. 
Referring now to FIG. 6B, it will be seen that speed 

control 30 comprises a potentiometer 210 to provide a 
variable voltage input to the voltage controlled variable 
frequency three phase oscillator 31. A single pole, tri 
ple throw switch 212 connects potentiometer 210 se 
lectively across a d.c. power supply 211 having a 
grounded center tap so that the oscillator is grounded 
when the switch is in the ground position, as shown, 
and provides positive or negative potential to ground 
selectively in accordance with the setting of the switch 
in the positive or negative polarity positions thereof. 

Multipliers 120 - 122 are identical and each, as may 
be seen by reference to the circuit details of multiplier 
120, comprises an integrated circuit 25' and amplifier 
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as may be seen by reference to the circuit details of 
multiplier 135, comprises an integrated circuit 25' 
and an amplifier89'. 

28 
Multipliers 120 - 122 and 135 - 137 have generally 

the same composition and circuit arrangement as mul 
tiplier 25 of FIG. 4A except that the RC networks 85, 
86 and 85’, 86' and amplifier feedback capacitor 76' 
of multiplier 25 are not used in multipliers 120 - 122 
and 135 - 137. 

Differentiators 143 - 145 have generally the same 
composition and circuit arrangement as perfect differ 
entiator 26 of FIG. 4A except that differentiators 143 
- 145 pass their signal outputs to the amplifiers of the 
associated multipliers 135 - 137, respectively. 
Power amplifiers 108 to 110 are of any type suitable 

for the purpose such as Class D amplifiers and prefera 
bly are of the Class D type disclosed and claimed in 
U.S. Pat. No. 3,579,132, issued to James A. Ross on 
May 18, 1971. 
Power connection 39' is shown to constitute a pan 

tograph 215 in sliding engagement with a 3rd rail 216, 
it being understood that there are three such panto 
graph-rail systems required, one for each of the three 
phases (bA, cbb and bO respectively supplied by ampli 
fiers 108 to 110. 
The specific component values for the circuit ele 

ments of the frequency control channel are set forth in 
the following table: 

Frequency Control Channel 
30 Speed Control Elements 210 and 211 and 212 
31 Oscillator Wavetek type 120-020-3 
210 Potentiometer 1000 ohms 
211 Power Supply 10 volts 
212 Switch Single Pole, tripple throw 
: Multiplier Elements 25' and 89' 

122 
13S & Elements 25' and 89'' 
136 6. i 

137 d & 

25' Integrated Circuit MC1794L Motorola 
25''' Integrated Circuit 
81''' Resistor 16,200 ohms 
79' resistor 61,900 ohms 
80' Resistor 10,000 ohms 
87 Potentiometer 20,000 ohms 
78' Potentiometer 20,000 ohms 
77 Potentiometer 50,000 ohms 
89' Amplifier MC 1456C Motorola 
89'' Amplifier MC 456C Motorola 
88' Resistor 51,000 ohms 
79''' Resistor 61,900 ohms 
80' Resistor 30,100 ohms 
8' Resistor 16,200 ohms 
87 '' Potentiometer 20,000 ohms 
78 Potentiometer 20,000 ohms 
77 Potentiometer 50,000 ohms 
88' Resistor 2,400 ohms 
143 Differentiator Elements 83 and 90' 
144 Differentiator & 
145 Differentiator & 
83 Capacitor uf 
90' Resistor 220 ohms 

The motors for vehicle V may be built in a wide range 
of sizes, the length of from 10 to 50 feet and a width of 
motor and rail of the order of three inches being typi 
cal. Four such motors typically weigh 5,000 pounds 
and, when energized, can suspend a vehicle mass of 
about 80,000 pounds. When the motors are suspending 
only, the vehicle being at rest with a 1 inch air gap, 40 
kilowatts of power is consumed and the kilovolt 
ampere power has the same value. As the motor speed 
increases with frequency and provides propulsive 
force, the kilovolt-amperes increases at a faster rate 
than does the wattage loss. 
Motors of high efficiency will have low winding resis 

tance and high inductance. The motors on the other 
hand will require high frequencies for high speeds 
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which necessitates a proportionate increase in motor 
terminal voltage to compensate for the increase in 
motor impedance with frequency. 
The RC network of each of differentiators 143 to 

30 
field generator whose generated attractive force with 
respect to a nonmovable co-acting member separated 
therefrom varies directly as the square of the generator 
current and inversely as the square of the separation 

145, namely, capacitor 83' of 1 puf and resistor 90' of 5 distance, said method comprising the steps of: 
220 ohms provides a voltage increase with frequency in 
which the voltage across the capacitor will equal the 
voltage across the resistance when the frequency 
reaches about 700 hertz. A reluctance motor, such as 
disclosed in the aforesaid parent application, has a land 
and slot distance (pole pitch) of 36 inches and will 
move 72 inches per cycle, or about 300 miles per hour 
when the frequency is about 80 hertz. (See FIG. 7A). 

It should now be apparent that there has been pro 
vided a feedback control system in which the terminal 
voltage of an electroresponsive force generator such as 
an electromagnet or linear electric motor under control 
of position and inertial sensors carried thereby is 
caused to produce an attractive force with respect to a 
coacting member sufficient to maintain the same in 
controlled spacial relationship against an opposing 
force acting on the force generator by itself, or with its 
load, such as a vehicle. 

It should also be apparent that the generated attrac 
tive force may be produced by a magnetic force field, 
as shown, or by an electrostatic, or other force field in 
which the force varies as the square of the generator 
current and inversely as the length of gap physically 
separating the force generator and the member to 
which it is attracted by the force field set up between 
them. It should further be apparent that whereas such 
force-current-space relationship is non-linear, a non 
linear feedback control circuit has been provided in 
which circuit elements are employed to perform 
square-rooting, multiplying, and summing functions 
which linearize the voltage vs. force function to stabi 
lize the response over a wide range of gap lengths and 
feedback frequencies. 

It should now be fully apparent, moreover, that such 
a feedback control system, as aforedescribed, is well 
adapted to control the magnetic flux of a linear electric 
motor to maintain the suspension of the motor and its 
vehicle load in controlled spacial relationship with re 
spect to its support rail while also producing alterna 
tions of the suspension flux at controlled frequencies 
related to desired linear propulsive speeds of the vehi 
cle along the rail, including zero frequency at standstill, 
without exceeding the dynamic response characteris 
tics of the feedback circuit elements. 
With particular reference to FIG. 7A it will be noted 

that the linear speed vs. frequency relationship of a syn 
chronous reluctance motor operated in accordance 
with the feedback principles of the present invention 
for accelerating, coasting, and decelerating is a single 
straight line passing through zero. On the other hand, 
in the case of an induction motor, as depicted in FIG. 
7B, the accelerating, coasting, and decelerating func 
tions are represented by separate parallel straight lines 
of which only the coasting line representing near zero 
slip passes approximately through zero frequency and 
speed. Some frequency other than zero is required for 
accelerating and decelerating operations at standstill 
and low speeds. 
What is claimed as new and useful and desired to be 

secured by U. S. Letters Patent is: 
1. The non-linear feedback method of linearizing the 

voltage vs. force function of an electroresponsive force 
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sensing the gap defining the separation distance and 
any acceleration of the generator associated with 
any change in the gap to produce signals indicative 
of the length of the gap and the rate of change of 
the gap; 

deriving from said signals a force proportional feed 
back voltage corresponding to a gap stabilizing at 
tractive force to be generated by the generator 
which is sufficient against an opposing force 
thereon to restore and maintain the generator in a 
position of stable equilibrium at a predetermined 
gap, 

deriving from said feedback voltage and said signals 
non-reactive and reactive feedback voltage compo 
nents respectively proportional to the length of the 
gap and the frequency of the signals; and 

applying to the generator a terminal voltage propor 
tional to the sum of said non-reactive and reactive 
voltage components, whereby said stabilizing at 
tractive force is produced by the generator. 

2. The feedback method as in claim 1 wherein the 
generator is suspended below its co-acting member and 
the opposing force is the weight of the generator due 
to the acceleration of gravity. 

3. The feedback method as in claim 1 wherein the op 
posing force is an inertial force acting on the generator. 

4. The feedback method as in claim 2 wherein the op 
posing force has both gravitational and inertial compo 
ents. 
5. The feedback method as in claim 1 wherein the op 

posing force is zero in the absence of an inertial force 
acting on the generator. 

6. The feedback method as in claim 1 wherein the op 
posing force is produced by an equivalent force field 
generator. 

7. The feedback method as in claim 6 wherein the 
equivalent generators are physically connected to 
gether. 

8. The feedback method as in claim 7 wherein the op 
posing forces of the equivalent generators are equal at 
a predetermined value in which the gaps between the 
generators and their respective co-acting members are 
equal. 

9. The feedback method as in claim 7 wherein the op 
posing forces of the equivalent generators are zero 
when the gaps between the generators and their respec 
tive co-acting members are equal. 

10. The feedback method as in claim 4 and compris 
5 ing the further steps of: 

60 

65 

sensing any lateral inertial force acting on the genera 
tor in a direction transversely to the direction of 
gravity acting thereon and indicative of a condition 
creating a need for adjustment of said predeter 
mined gap, thereby to produce signals indicative of 
said lateral inertial force; and 

adding said last named signals to said length of gap 
and rate of gap change signals to adjust the strength 
of said force proportional feedback voltage 
whereby said predetermined gap is adjusted suffi 
ciently to satisfy said need. 

11. The feedback method as in claim 1 wherein said 
step of deriving said non-reactive and reactive voltage 
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components includes the step of electrically extracting 
the square root of said force proportional voltage. 

12. The feedback method as in claim 1 wherein said 
step of deriving said non-reactive and reactive voltage 
components includes the steps of electrically extracting 
the square root of said force proportional voltage, elec 
trically multiplying the square root voltage by the 
length of gap signal voltage, and differentiating the 
square root voltage. 

13. The feedback method as in claim 1 wherein said 
step of deriving said terminal voltage includes the step 
of summing said non-reactive and reactive voltage 
components. 

14. The feedback method as in claim 1 wherein the 
derivation of the force proportional and terminal volt 
ages involves multiplications and summations ex 
pressed by the voltage vs. force function equation: 

E = K, ( VFlR = i VFK a) 
where: 
E is the terminal voltage 
VFlR is the non-reactive voltage component 

j VF Ko is the reactive voltage component 
K, K are constants 
j is the reaction symbol 
F is the attractive force; the force proportional volt 
age 

l is the gap length 
R is the generator resistance 
a) is 2nf 
f is the sensed signal frequency. 
15. The feedback method as in claim 1 wherein the 

generator is an electromagnetic device and its gener 
ated force field is a magnetic field. 

16. The non-linear feedback method of linearizing 
the voltage vs. force function of a polyphase linear 
electric motor whose generated magnetic attractive 
force with respect to a ferromagnetic reaction rail from 
which it is suspended and physically separated varies 
directly as the square of the motor current and in 
versely as the square of the separation distance, said 
method comprising the steps of: 

sensing the gap defining the separation distance and 
any acceleration of the motor associated with any 
change in the gap to produce signals indicative of 
the length of the gap and the rate of change of the 
gap; 

deriving from said signals a force proportional feed 
back voltage corresponding to a gap stabilizing at 
tractive force to be produced by the motor which 
is sufficient against an opposing force acting on the 
motor to restore and maintain the same in a posi 
tion of stable equilibrium at a predetermined gap; 

operating a constant amplitude variable frequency 
polyphase control voltage; 

deriving from said force proportional voltage, from 
said signals and from said polyphase voltage per 
phase thereof non-reactive and reactive feedback 
voltage components respectively proportional to 
the length of the gap and the frequency of the poly 
phase voltage; and 

applying to the motor a polyphase terminal voltage 
which is proportional for each phase thereof to the 
sum of said non-reactive and reactive voltage com 
ponents, thereby to produce said stabilizing attrac 
tive force at any frequency upwards from zero of 
said polyphase control voltage. 
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17. The feedback method as in claim 16 wherein the 

magnetic field of the motor suspends and propels the 
same along the rail and wherein the motor linear speed 
along the rail is a function of the frequency of the mag 
netic field alternations. 

18. The feedback method as in claim 17 wherein the 
reactive voltage component for each phase is propor 
tional to the first derivative of the product of said cons 
tant amplitude variable frequency, polyphase control 
voltage and the square root of said force proportional 
voltage, and the nonreactive voltage component for 
each phase is proportional to the product of the gap 
length times the square root of the force proportional 
voltage times said polyphase control voltage. 

19. The feedback method as in claim 18 wherein the 
products and summations are expressed by the voltage 
vs. force function equation: 

E = K, ( VFlR + j V F. Kf) 
where: 
E is the polyphase alternating current terminal volt 
age 
VF1R is the nonreactive voltage component 

j VF. Kf is the reactive voltage component 
F is the attractive force between the motor and the 

rail; the force proportion voltage 
l is the gap length 
R is the motor winding resistance 
f is the frequency of the terminal voltage 
K, K are constants. 
20. The method of combined suspension and propul 

sion of an electric linear motor support for a high speed 
tracked transport vehicle which comprises the steps of 

disposing an electric linear motor below a magnetic 
rail support therefor, 

controlling the voltage and current relationship of 
the motor to establish an attractive magnetic field 
between the motor and rail sufficient to suspend 
the mass including the motor and its load against 
the force of gravity and at a selected gap defining 
the displacement of the motor from the rail, 

sensing the gap displacement and any acceleration of 
said mass associated with any change in the gap dis 
placement, 

adjusting said voltage and current relationship of the 
motor in response to signals sensed by the displace 
ment and acceleration sensors to maintain said se 
lected gap displacement, 

adjusting said voltage and current relationship to pro 
duce alternations of the suspension field and to 
move the same along the motor and in linear thrust 
producing relation to the rail to move the mass 
along the rail at a speed determined by the fre 
quency of said field alternations, 

varying the frequency of said field alternations to ad 
just the linear speed of the mass, and 

adjusting said voltage and current relationship as a 
function of frequency to compensate for increasing 
motor impedance with frequency thereby to main 
tain the strength of the suspension field constant at 
all propulsion speeds. 

21. A feedback control system comprising: 
a fixed member; 
an electroresponsive force field generator separated 

in free space at a predetermined separation dis 
tance from said fixed member for generating a 
force field therewith and resultant attractive force 
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therebetween wherein the attractive force varies as 
the square of the generator current and inversely as 
the square of the separation distance; 

means carried by the generator for producing a force 
proportional voltage proportional to the attractive 
force which is required to be generated by the gen 
erator to restore and maintain the same in stable 
equilibrium at said predetermined separation dis 
tance against an opposing force acting on the gen 
erator, and 

means responsive to said force proportional voltage 
for producing and applying to said generator a ter 
minal voltage sufficient to enable the same to gen 
erate said required attractive force. 

22. A feedback system as in claim 21 wherein said 
terminal voltage producing means includes: 
square rooter means for electrically producing a 
square root voltage which is the square root of said 
force proportional voltage. 

23. A feedback control system as in claim 21 
wherein: 

said force proportional voltage means includes sens 
ing means for producing a signal proportional to 
the separation distance; and 

said terminal voltage producing means includes: 
square rooter means for electrically producing a 
square root voltage which is the square root of said 
force proportional voltage; and 

multiplier means for electrically producing a voltage 
which is the product of said square root voltage and 
said distance proportional signal. 

24. A feedback control system as in claim 23 
wherein: 

said square root voltage has a frequency proportional 
to any variations in said distance proportional sig 
na; and 

said terminal voltage producing means also includes: 
means for differentiating said square root voltage to 
produce a voltage proportional to its frequency; 
and 

means for electrically summing said product voltage 
and said frequency proportional voltage. 

25. A feedback control system as in claim 24 wherein 
said terminal voltage is produced in accordance with 
the equation: 

E = K, F (Rl = j.Kf) 
where: 
E is the terminal voltage 
F is the required attractive force 
R is the generator resistance 
l is the separation distance 
f is the frequency of the square root voltage 
K and K are constants. 
26. A suspension apparatus having a force generator, 

a co-acting support therefor, a feedback circuit for 
controlling a suspension force produced by said force 
generator to suspend the same in free space from said 
support therefor without contact therewith and against 
the force of gravity acting thereon to thereby maintain 
the generator in a state of stable equilibrium at a se 
lected gap length within a range of selectable gap 
lengths between said generator and support, said feed 
back circuit having at least one input selected from a 
group of inputs which respectively represent the posi 
tion, velocity and acceleration of the generator associ 
ated with any change in the gap, an output signal appli 
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cable to said force generator to control said suspension 
force, and circuit means responsive to said inputs to 
produce said output signal. 

27. An apparatus according to claim 26, wherein said 
feedback circuit includes means for setting the magni 
tude of the suspension force sufficient to counterbal 
ance the force of gravity at a preselected nominal gap 
within said range of gaps. 

28. An apparatus according to claim 26 wherein the 
magnitude of the suspension force is regulated by sens 
ing the vertical position of the generator and the accel 
eration of change of that position. 

29. An apparatus according to claim 26, wherein said 
circuit means includes an element having an output 
proportional to a mathematical root of the input 
thereto. 
30. An apparatus according to claim 26, wherein said 

circuit means includes an element having an output 
proportional to a mathematical differential of the input 
thereto. 

31. A feedback circuit for controlling the voltage of 
an electroresponsive force field generator which is at 
tracted by its force field toward a co-acting member 
and held physically separated therefrom by an oppos 
ing force thereon wherein the generator is maintained 
at a preselected separation distance when the attractive 
and opposing forces are equal and wherein the attrac 
tive force varies inversely as the square of the separa 
tion distance and directly as the square of the generator 
current, said feedback circuit comprising a first input 
having X signals which vary with the displacement dis 
tance and a second input having signals which vary with 
any acceleration of the generator associated with any 
change in the separation distance, and output having a 
feedback voltage for controlling the generator voltage 
to maintain the attractive force equal to the opposing 
force, and means responsive to the signals of said first 
and second inputs for producing said feedback voltage. 
32. A suspension-propulsion feedback system com 

prising: 
a ferromagnetic support rail having linear thrust pro 
ducing reaction means; 

an electric linear motor disposed beneath said rail in 
spaced relation therewith defining an air gap there 
between, said motor having plural phase windings 
for producing a combined motor suspension and 
propulsion magnetic field with respect to said rail 
and its reaction means; 

a controllable plural phase power amplifier source of 
variable amplitude and variable frequency voltage 
for respectively energizing said plural phase wind 
ings; and 

gap length and frequency control means carried by 
said motor for simultaneously regulating the ampli 
tude of each phase of said energizing voltage to re 
store and maintain the motor in stable equilibrium 
at a predetermined gap and for simultaneously reg 
ulating the frequency of each phase of said energiz 
ing voltage to set the linear speed of the motor 
along the rail. 

33. A feedback system as in claim 32 wherein said 
gap length control means includes: 
means for sensing the gap length and any accelera 

tion of the motor associated with any change in the 
gap length. 

34. A feedback system as in claim 33 wherein said 
gap length control means also includes: 
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means responsive to signals produced by said sensing 
means for producing a feedback voltage input to 
said power amplifier source to regulate the ampli 
tude of its output voltage. 

35. A feedback system as in claim 34 wherein said 
signal responsive means includes: 
operational amplifier means responsive to said sig 

nals for producing a force proportional voltage 
which is proportional to the magnetic motor-to-rail 
attractive force required to maintain the motor at 
said predetermined gap against the force of gravity 
acting thereon; and 

means for electrically extracting the square root of 
said force proportional voltage to produce a square 
root voltage. 

36. A feedback system as in claim 35 wherein: 
said frequency control means comprises a plural 
phase source of constant amplitude and variable 
frequency control; 

first multiplier means for electrically producing per 
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phase of said control voltage an output which is the 
product of the control voltage amplitude times said 
square root voltage; 

second multiplier means for electrically producing 
per phase of said control voltage the product of 
said first multiplier means output times the length 
of gap signal to produce a gap compensated control 
voltage component; 

means for differentiating per phase of said control 
voltage the product output of said first multiplier 
means to produce a frequency compensated con 
trol voltage component; and 

means per phase of said control voltage for electri 
cally summing said gap and frequency compen 
sated voltage components. 

37. A feedback system as in claim 36 including 
means for simultaneously varying the frequency per 
phase of said control voltage. 

  


