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PREFACE

The work reported herein is a continuation of a program initiated
in February 1971 to determine the feasibility of using magnetic forces
for the suspension and guidance of high-speed passenger carrying vehicles.
In the first phase of this program, several aspects of magnetic levita-
tion were explored to determine the best type of magnetic levitation
system and to determine the technical feasibility of using this system
in the vehicle. Suspensions using (1) permanent magnets on the vehicle
and an aluminum guideway (diamagnetic levitation), (2) permanent magnets
on the vehicle and a permanent magnet guideway (repulsive magnetic levi-
tation), (3) superconducting magnets on the vehicle and an aluminum
guideway (diamagnetic levitation), and (4) normal electromagnets on the
vehicle and a ferromagnetic guideway (ferromagnetic levitation) were

investigated., The system employing superconducting magnets was selected

by SRI as the most promising, and subsequent efforts have been concen-

trated on this system.

We explored several optional systems that employ superconducting
magnets, A system using continuous sheets of aluminum in the guideway
was selected. The interaction forces resulting in levitation and guidance
were calculated as a part of this phase of the program and were checked
by experiment, and a computer program was written for calculating the

dynamic motions of magnetically levitated vehicles,

Experiments were performed by moving a single superconducting magnet
over an aluminum guideway and measuring the forces exerted on the magnet.
The magnet was mounted on a wheeled vehicle that permitted the position
of the magnet to be varied within the guideway. These experiments indi-

cated that the calculated force was accurate but that a small error--the

xi



source of which is known and estimable but not readily calculable--existed
in the drag force. This calculation is not too restrictive for most pur-
poses. However, there was a substantial error in the guidance force. It
was assumed that the velocity dependence of the guidance force was the
same as that of the 1lift force, This was only approximately correct.

The experiments also showed that electrical continuity was mandatory
between the vertical and horizontal plates of the guideway if suitable
guidance forces were to be achieved., A full-scale vehicle was concep-
tually designed based on the formulae derived during this phase of the
work, In conjunction with the experiments,ard cryogen consumption rates
based on a conceptual dewar design, the vehicle was found to be tech~
nically feasible for passenger carr&ing operation at speeds in excess of
300 mph., This work is reported in Reference 1, which provided the basis

for References 2 through 5,

The second phase of this program was devoted to designing, con-
structihg, and testing a small vehicle levitated and guided by four
superconducting magnets, Rudimentary measurements were made of the
dynamic properties of the vehicle in levitated flight. The main purpose
of these dynamic measurements was to validate the calculated ability of the
copper plates, placed below the superconducting magnets, to dampen the
vehicle oscillations, The tests were successful and the calculations
were in good agreement with the experiments to the extent that they
could be checked by the experiments performed. A part of this phase of
work was to reformulate the calculation of the guidance force, which
brought the theory and experiments into acceptable, if not perfect,
agreement, Surprisingly, the guidance of the vehicle exceeded expecta-
tions. An important experimental point observed during this work was
that not only is it necessary that all joints be welded in the guideway
but the welds must maintain the electrical continuity of the aluminum

sheets, This continuity is necessary to avoid unacceptable accelerations
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when the. vehicle crosses the welds, This work was reported in Refer-

ence 6 and provides the basis for Reference 7

The objective of the work reported here was to assess the dynamics
of the test vehicle more fully, both experimentally and analytically,
placing special emphasis on any features that might cause problems in
revenue service. For that reason, the vehicle was subjected to severe
perturbations to uncover any instabilities , coupling of modes that might
lead to instabilities, severe track alignment requirements , etc, Major
portions of the guideway had to be rewelded to achieve a ride guiet

enough to evaluate these parameters.

During the same period, similar work was being performed by the Ford
Motor Company under contract with the Federal Railroad Administration.
The objective of the first phase of Ford's work was similar to the work
performed by SRI. It differed mainly in the testing of superconducting
magnets over a rotating aluminum wheel =- in essence moving the guideway
rather than the vehicle. The agreement in results between these efforts
provided confidence in the experiments at each laboratory. Later work
at Ford concentrated on dynamics, damping, the design of a full-scale
test vehicle, evaluation of the normal magnet-ferromagnetic guideway

and other features of these systems as reported in References 8 and 9.

This work, as well as that at Ford, is a part of the overall effort
of the Federal Railroad Administration to find the best system for trans-
porting passengers between cities at speeds incompatible with steel wheels
on steel rails. The other major system being considered at this time is
the tracked air cushion vehicle., A test vehicle of this type is currently
being evaluated at the High Speed Ground Test Center in Pueblo, Colorado.
The overall problem extends well beyond the construction of a suspension

system to such diverse topics as new forms of tunnelling, route planning,

xiii



passengér acceptance, and aerodynamic noise studies, Currently, pro-
posals are being evaluated by the FRA for a test sled to be evaluated

at speeds up to 300 mph (300 kmph).

The authors would like to acknowledge the assistance in this work
provided by Mr. Robert McKee (electronics, data taking and reduction),
Mr. Thomas Kittredge (active control construction), Mr, Irwin Sauer and
Mr. Walter Johnson (mechanical construction and towing winch operation),
Mrs. Betty Bain and Mr., David Stillinger (computer programming), and
Dr. Richard Singleton (PSD analyses). The experimental work was often
performed in inclement weather and not infrequently continued until after
dark. The cooperation and sense of humor provided under these circum-

stances is greatly appreciated,

We are greatly indebted to Dr. Charles Cook for his supervision of
the program and for his many suggestions for improvements in this work.
Mr. Clark Henderson has discussed at length the general transportation
requirements of such a system and has attempted to focus the authors'

attention on the most important problems at this sfage of development,

Finally, we would like to acknowledge the many constructive sug-

gestions of Dr. John Harding of the Federal Railropad Administration,
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I INTRODUCTION

The phenomenon of magnetic levitation is not original with the
vehicle described in this report; a fundamental understanding of the
principles has existed for many years. Some of the phenomena observed
in the vehicle are common to such items as magnetic toys, watt-hour meters,
speedometers, magnetic brakes, and linear induction motors. The unique-
ness, therefore, does not lie in the concept but in implementing the
concept in a safe, reliable, economical, passenger carrying transporta-
tion system.

As with any other system bearing the ultimate responsibility for the
lives of people, confidence in the system must be gained at various levels
as development progresses. The standards by which the system must be
judged become increasingly more stringent. At each stage of development,
there will be those who are optimistic and those who have reservations
regarding the ultimate utility of such a systemn. Séientists and engi-
neers can be convinced rapidly that the fundamental principles of this
system are sound, which was demonstrated in the first phase of this pro-
gram in 1971. In the second phase of this program, a visual demonstra-
tion of the system convinced nontechnically oriented observers that the
system works--whatever the principle might be. The second phase also
assured the scientists and engineers involved that the principle of
passive damping was sound and provided adequate inherent stability to
keep the vehicle on the guideway. Such stability is a necessary, but
not a sufficient condition for the damping system to be used on the
ultimate vehicle, In a strictly technical sense, there is little room
for doubt at this time that a magnetically levitated vehicle can be

safely incorporated into a passenger carrying transportation system.



To justify a new system ~- entailing the expenditure of several
billion dollars -—- many technical, économic, social, and political prob~-
lems must be addressed and solved. These problems should hot.be_left to
one interest group,and 3 colution in one setting will not necessarily
be valid in another. Answers to these problems will evolve slowly.
Unfortunately, until each of these problems has an obvious, attainable
solution, a major effort to solve them will not be mounted-- a common,
but trying circle. The purpose of this program is to answer specific
technical questions that must be answered in the logical development
of the system. These guestions relate to the stability and ride
quality of the vehicle using passive and active damping and to a denm-
onstration that the analytic model can be used to predict the vehicle's

motion,

The vehicle used in these experiments is unique in being the only
solid sheet guideway system in operation on a reasonable test scale.
The other major system of this type, which is in Japan, employs coils
in the guideway. Another unique feature is the guidance of the vehicle
by its magnetic forces, It is the 2212 vehicle being evaluated on a test
gcale that is fully levitated 339 guided by magnetic forces, The only
respect in which the vehicle differs fundamentally in its dynamic char-
acteristics from a full-scale system is in the propulsion mechanism.
It is towed by a cable connected to an engine at the end of the guide~
way, restricting only one of the six degrees of freedom. With this
flexibility, the vehicle is ideal for testing dynamic characteristics
of magnetically 1evitated vehicles., Since the investment in this test
vehicle is comparatively gmall, it can and has been subjected to tests
entailing significant hazards to the vehicle-~ tests not 1ikely to be
repeated for some time with larger vehicles. Perhaps the major sig-
nificance of this work is in the successful completion of these haz~
ardous tests. These results demonstrate a gratifying degree of stabil-

ity in the system.



The test vehicle was originally designed for the rudimentary dynamic
tests of Phase II of this program. As noted in an earlier report,6 our
initial design weight goal was for a vehicle weighing from 400 to 450
pounds (180 to 205 kg.). However, before the first phase of testing
was completed, the weight had increased to 650 pounds or 295 kg. On one
occasion the vehicle was loaded (with the weight of one of the authors)
to approximately 880 pounds or 400 kg. In the current test phase the
weight of the vehicle was increased to about 1075 pounds (489 kg) by
adding instruments, a recorder, and batteries. This increased weight
was of considerable concern, resulting in the necessity of operating the
superconducting magnets at currents 50% higher than initially anticipated.
On some occasions, the current was still higher, but the magnets performed
well, although the safety factor in the magnet design was reduced signif-

icantly.

Objectives

As stated previously, the objectives of this program were directed

at specific technical problems. These objectives were:

(1) To compare the dynamic performance of the vehicle over
the rewelded guideway with the performance observed
in the second phase of this program

(2) To assess the performance of the vehicle over the
welded guideway using active and passive damping
mechanisms and compare the results with results
from the computer simulation of the test

(3) To levitate the vehicle over symmetric and asymmetric
perturbations in the guideway to produce simultaneous
oscillations in several modes and compare the results
with a computer simulation using active and passive
damping



(4) To produce a quasi-sinusoidal perturbation in the guideway
and compare observed and computed motions

(5) To seek evidence of the coupling of modes of oscilla~-

tion that might lead to jnstabilities by producing
a major oscillation in one mode and seeking evidence
of that mode in other modes.
The first objective required only repeating the experiments per-
formed in the second phase of this work, after the guideway was dis-
mantled and rewelded with full-penetration welds. Incidental tp this
test was the strengthening of the vehicle frame to increase the frequency
of the fundamental body flexure mode above the range of interesting
rigid body modes. The second and subsequent objectives required a con-
siderable amount of reinstrumentation, The tests that satisfied the
gecond objective were straightforward levitations of the. yehicle over.the
guideway. The third objective required that additional aluminum

plates be placed on the guideway and that the vehicle be levitated over
them., ‘These plates, when placed on opposite sides of the guideway,
produced pitch and heave oscillations, and when placed on only one side
of the guideway, produced roll, pitch, heave, yaw, and side slip motions.
The fourth objective, the production of a quasi-sinusoidal perturbation
in the guideway, was unintentionally achieved in the process of welding
the guideway. The contraction of the plates upon cooling resulted in
distortions at intervals corresponding to the length of the plates

(20 ft = 6.1 m) that were nearly sinusoidal in character. The purpose
of this test was to move the vehicle over these distortions at such a
velocity that the perturbations would drive the vehicle at its funda-~
mental heave resonance frequency. The fifth objective of producing
major oscillations was satisfied during the performance of the tests
over the symmetrically located plates and by the introduction of wooden
shims on one side of the guideway to produce an analogous motion in the

lateral direction.



Implicit in all the objectives are assessments of factors affecting
safety and ride quality. Whereas safety can be reasonably extrapolated
from the results presented here, ride quality can only be assessed to the
extent that various parameters affected the quality of the ride on the
test vehicle. An extrapolation to a full-scale, operational vehicle must
be made with care and requires a redesign of the levitation magnets and the
active and passive damping mechanisms. The substructure of the guideway
used in these experiments was constructed in 1970 and was not intended to
conform to any particular alignment standards. The warpage caused by
welding can also be better controlled in a full-scale system and should

not be construed to be a fundamental limitation on the system.






II VEHICLE AND GUIDEWAY

Vehicle Description

The design and construction of the magnetically levitated test
vehicle used in these experiments was discussed in an earlier report,
but to avoid cross-referencing and to provide a basis for discussing

modifications, they are summarized in the following paragraphs.

In the second phase of this program, the vehicle was 4.25 m

(13 ft 11 in.) long and approximately 1 m wide, the exact width depending
on the placement of the magnets. The vehicle chassis was_weighed.after
construction, and the final weight, after instrumentation, was estimated
from the weight of the components to be 650 pounds (295 kg). The vehicle
is supported at rest by four pneumatic tires, and in flight by four super-
conducting magnets. Guidance is provided by the superconducting magnets
when in flight and by shock-mounted bumpers, located on the sides of the

vehicle, when the vehicle rolls on its wheels.

The frame of the vehicle is constructed of lightweight unistrut
aluminum channels covered by a flat platform made of aluminum sheathed
honeycomb, The objective was to make the vehicle construction functional

at the lowest possible cost--not to achieve aesthetic beauty.

The four superconducting magnets, which are 0.32 m long and 0.27 m
wide, each contain approximately 580 turns of superconducting wire com-
posed of Nb-Ti filaments embedded in a copper matrix. The magnets are
enclosed in liquid-nitrogen shielded helium dewars that are 24.4 cm high,
43.8 cm long, and 37.8 cm wide, Each dewar has a capacity of 7 liters
of nitrogen and 10 liters of liquid helium. The nitrogen dewar and outer

shell are made of 3,2-mm-thick aluminum, and the helium dewar of 1.6-mm



stainless steel, Insulation is provided by evacuated fiberglass, which

also supports the dewars against atmospheric pressure.

Included in the dewars are passive damping plates consisting of
single turn copper coils. These coils are soldered to the 1iquiq-
nitrogen-cooled radiation shields to increase their electrical conduc-
tivity and damping efficiency, as described in detail in our earlier

report.

The frame was reinforced for the experiments reported here by
adding 1.6~-mm-thick sheet-aluminum skirts to each side of the frame
between the magnets. Angular aluminum strips were riveted to the bottom
of these sheets for added rigidity. The frame was strengthened to
increase the fundamental flexure frequency of the chassis above the
frequencies of interest because this frequency interfered with the
interpretation of the earlier experiments. A camera mount was provided

on the rear of the vehicle,

The instrumented and modified vehicle was weighed at one time during
the work reported here and weights added or removed were recorded. The
weight varied as more instruments were successively added to the vehicle,
but ranged from 440 to 453 kg for most of the passive damping tests with
the fully instrumented vehicle, and from 476 to 483 kg for the active
damping tests. The weight also varied as the liquid nitrogen and helium
evaporated. The approximate moments of inertia were:

2 2 2
I = 950 k HE | =37 k ; =
pitch g m roll gm ; Iyaw 1004 kg m

The vehicle was propelled, as in earlier experiments, by an endless
cable powered by a glider towing winch. The 3/16-in. steel cable was
attached to a wooden towing skid. A vertical steel pin attached to the
skid made contact with the vehicle at its approximate center of mass,

As discussed in our earlier report, this coupling arrangement did not
restrict the vehicle's motion in roll, pitch, yaw, heave, or slip,
Only the motion of the center of mass along the length of the guideway

was restricted, 8



The layout of the vehicle, as used in the latest experiments, is

shown in Figures 1 and 2.

Instrumentation

For these experiments, each set of related sensors was clustered
as close as possible. The physical dimensions of the sensors prevented
locating each sensor in its ideal location. The sensors installed,
including their locations, are described in the following paragraphs.

References to their numbered locations in Figure 1 are included.

Position Sensors

These sensors consisted of linear potentiometers attached to a rod,
terminated with an aluminum wheel which made contact with the appro-
priate surface of the guideway. To avoid damage to the wheels as well
as to reduce the noise of the vehicle while in motion, O-rings were
placed in grooves in the wheels to soften the ccntact of the wheel with
the surface., Each of the sensors was spring loaded to ensure contact
with the guideway, The spring constant was 0.89 newtons/m, For a
lateral displacement of 2 cm, the springs provided a restoring force of
71 newtons or provided an acceleration of 0,015 g's to the vehicle.
Although undesirable, this force does not appear to be too restrictive
on the experiments. The force in the vertical direction was minimized
by having the springs almost completely extended at the usual levitation
height. Compared with the magnetic forces, these springs constitute a
negligible error, Power to the potentiometers was provided by mercury

cells (27).

The vertical sensors were spaced 96.5 cm apart laterally, two being
located 117 cm forward (9,14) and two (17,22) the same distance behind
the towing pin located at the approximate center of mass. Lateral

sensors (10,15,16,21) were located 109 cm forward and aft of the towing

pin.
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Accelerometers

Six Endevco Model QAl116-15 accelerometers were used to measure
vertical accelerétions as close as feasible to each of thé suspension'
magnets, and to measure lateral accelerations at the points at which
the lateral positions were measured. The vertical accelerometers
(11,13;18,20) were located 117 cm forward and aft of the towing pin
and were spaced 86 cm apart laterally. The lateral accelerometers
(12,19) were located 109 cm forward and aft and were positioned on the

centerline of the vehicle,

The accelerometers were powered by mercury cells (26) to avoid
drift, and their outputs were filtered (28) above 150 Hz to avoid

unnecessary clutter of the records caused by extraneous noise,

Magnet Current

The current of the levitation magnets connected in series was
measured using a high current shunt (29). Power for the magnets was
provided by a single 12-volt automobile battery (30) and was controlled
by two parallel carbon pile rheostats (31,32). An on-board meter (37)

was used for setting the current prior to testing.

Active Damping Coils

The active damping coils were attached to the bottoms of their
respective dewars, Each coil was comprised of four 132 turn coils
of No.18 copper wire operated in parallel, The current in each coil
was independently regulated by control circuits ( 5,6,7,8 ) powered
by a series of motorcycle batteries ( 39 ). A current switch and

current meter were located between the rear magnets ( 34 ),

Data Recorders

Data from the sensors above were recorded in two ways. A l4-channel

Honeywell Model 5600C FM tape recorder (25) was on board and powered

12



by a second series of motorcycle batteries (33). Early in these experi-
ments these batteries were also used. for powering the active damping
coil controls, but the current load was too great when crossing the
vertical perturbation in the track and a voltage drop occurred that
caused the tape recorder to stop. Subsequent experiments were performed
with independent power sources, The recorder was used for the six

accelerometers and eight position sensors.

Two additional channels of reéording were available through a
telemetry system (24) transmitting magnet current and longitudinal
acceleration (38) to a receiver located beside the guideway. These
data and two-position sensing signals were recorded on photosensitive
paper, The position gignals were obtained from a 10-turn potentiometer

connected to an idler wheel on the winch and from three photocells

placed in the guideway.

Guideway Description

The guideway configuration was the same as used in our previous
experiments and consists of two I~shaped aluminum sheets extending
the length of the structure. Two changes were made for this work, how-
ever, The welds between successive plates were broken and rewelded
through the thickness of the plates to provide better electrical con-
tinuity.along the guideway. It was suspected from the results of
earlier experiments, and confirmed in this work, that perturbations of
the vertical motion were being caused not only by the expansion joints
in the earlier guideway but also by superficial welds at these joints,
Another alteration was a 7.5-cm increase in height of the side wall for
a distance of 12.2 m on one side of the guideway. This addition was
made to establish the effect of the finite height of the wall on the

guidance force,
Each of the L-shaped components of the guideway was 46 cm wide,
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15 cm high, and 1.9 cm thick, and was made of either 6101-T6 or 1100-
H14 aluminum, both having an electrical resistivity of about 3 x 10

Q m at ambient témperature. Both materials are soft compéred with more
commonly used aluminum structural alloys. Tensile strengths (yield) are
19.7 and 12,0 kg/mmz, respectively, compared with a étrength of 51.3

for 7075-T6,

The vertical profile of the guideway was surveyed twice during this
program—-once at 4-foot intervals on one side and later at l-foot intervals
on both sides. The results of this latter survey are shown in Figure 3.
The conspicuous rise of approximately 3/4~in. (1.9 cm) between the 40~
and 50~foot positions is especially noteworthy in that it was not present
in the earlier survey. The only plausible explanation for its occurrence
is the amount of rainfall between the two surveys. Only the first 260
feet of the 400-foot guideway were surveyed in the latest survey. This
is the region where most experiments were performed--deceleration usually

occurred in the farthest sections of the guideway.

The survey starts at the beginning of the aluminum plates, although

the wooden substructure extends 54 feet beyond zero in this figure., When

vertical offsets were made in the guideway, additional 3/4-in.-thick
aluminum plates were placed on the guideway starting at the 48-foot

mark, For symmetrical perturbations, two plates, each 20 feet long,

were used--one on each side. An asymmetric perturbation was produced

by placing both sheets on the same side of the guideway. Any electrical
contact with the underlying aluminum was incidental., Plywood sheets were

placed over the aluminum sheets preceding the vertical perturbations to

avoid an upward step which would damage the vertical sensors.

A lateral perturbation in the form of sheets of wood placed on the
inside surface of the vertical plates on one side was begun at the 88- ft,

position on the guideway. The lateral profile of the guideway was not

14
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surveyed, however the gauge was obtained by summing two opposing
lateral position sensors. The gauge obtained is shown in Figure 4.
In this case, the abcissa is linear in time rather than position.
The periodic occurrence of perturbations occurs at 20-foot intervﬁls
and provides a measure of the velocity; These perturbations were

caused by the contraction of the plates upon cooling after wélding

the joints.
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I1I DYNAMIC ANALYSIS

In the initial SRI feasibility study.of magnetically levitated
high~speed=ground vehicles! an analysis of the dynamical motion of such
a vehicle was undertaken. The ultimate goal of the dynamic analysis was
to assess the safety and ride quality of a MAGLEV vehicle when it is
subjected to various perturbations, such as wind gusts, centripetal
forces in cornering, or guideway irregularities, Because some of
these perturbations might lead to sizeable rotations of the vehicle,
the analysis was based on the numerical integration of the nonlinear
equations of motion, a computer program was written to integrate these
eguations, The status of this analysis prior to the present program

is described below,

In the present program, this analysis was used to determine the
extent of agreement between the measured and predicted motions of the
vehicle, and as a tool in interpreting the experimental data, For these
purposes, several additions to the analysis were required, These addi-

tions are described in a later section of this report,

Prior Status of the Analysis

A detailed description of the analysis is given in a previous
report!, A summary is presented here. The analysis of the dynamical
motion of a MAGLEV vehicle is embodied in a computer program, The pro-
gram solves the governing equations for a general rigid body undergoing
large displacements in six degrees of freedom, The six nonlinear equa-

tions of motion and six auxiliary equations are numerically integrated
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using the Runge~Kutta method.

Coordinate Systems

It is convenient to express the required mathematical relationships
in different coordinate systems., Three right-hand Cartesian coordinate

systems are used here,

Track Coordinate System--The track coordinate system is fixed in

an inertial reference frame with its origin at a fixed point in the

T ZT are used to specify the posi=-

tion of the vehicle center of mass relative to a fixed reference frame

track. The track coordinates XT’ y

as shown in Figure 5, All the forces on the vehicle are calculated in

the track coordinate system,

Space Coordinate System--The space coordinate system has its origin

g Vg zS are
and are used in describing

at the vehicle center of mass. The space coordinates x y

parallel to the track coordinates xT, yT, ZT’
the orientation of the vehicle with respect to the body coordinate system
discussed below. Note that in both the track and space coordinate systems

z and zT are positive when oriented downward.

Body Coordinate System--The body coordinate system is fixed in the

vehicle with the origin located at the vehicle center of mass and with
the xB—, YB—, and zB~axes fixed in the vehicle and parallel to its axes
of principal moments of inertia. The equations of motion of the vehicle

are written in the body coordinate system.

Euler Angles--To transform from the body coordinate system to the

space coordinate system the Euler angles ¥ (yaw), 6 (pitch) and o)

(roll) are introduced (Figure 5)., The orientation of the space

coordinate system can be reached from the body coordinate system

by successive rotations as follows: (1) a positive rotation i about

the zB—aXiS resulting in the intermediate coordinate system (x', y', z');
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(2) a positive rotation 8 about the y' axis resulting in the intermediate
coordinate system (x', y', z'); and (3) a positive rotation ¢b about the

x' axis resulting in the space coordinate system (xS, yS, zé).

The resulting matrix of direction cosines between the body coor-
dinate systen is

-sindcos P sindsin®

6
cosycos (+cosl/)sinesin¢ +cosisinBcosg

cosycosP ~cossing

41 =] sinycosb
Le] sinycos (+sin¢sinesim¢ +sin¢sin6005¢

-sin® cosfsin® cos 6cosg

- -
A vector R in space coordinates transforms from a vector r in body

coordinates as follows:
R=[4]r
-1 t
Since this is an orthogonal transformation, [eJ 7 = [4] and the inverse

transformation is

r = [4]

t

—

1
Rorr= [4lR

-1 t
where [1J and [z] represent the inverse and transpose of matrix [ﬂ].

Governing Motion Equations

There are six equations of motion: Three governing translation
(Newton's second law) and three governing rotation (Euler's dynamical

equations). They are expressed in the body coordinate system:

A +P +F ~-F - WF
i =-gsinB-u( +u +—= x x Dx X o1
x zy yz n
A +P +F =~ FD - WF
U = gecosPsin@~ u QO + u Q + = y y y Y (2)
'y X Z Z X n
‘ A +P +F - FD - WF
u = gcosfcosgp~ u O + u O + z Z z 2z Z (3)
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n o= Q0 o+ = X (4
X I y z I -
XX <X
I . I M + 7T +G
Z XX
Q =22 X qgq LTI (5
y 1 Z X 1
yy yy
I -1 M + 717 +G
XX Z z Z
Q = Y aoa + (6)
Z I Xy I
zZ ZZ
where
u. = component of translational velocity
i
N = component of rotational velocity
i
A = aerodynamic forces
i
P = propulsive forces
i
Fi = magnetic forces
F = damping forces
Di
W__ = wheel forces
Fi
I . = moments of inertia
ii
m_ = aerodynamic moments
i
T. = propulsive moments
i
G. = magnetic moments
i

m = vehicle mass

Six auxiliary equations are required to relate the Euler angles and the
components of displacemenf of the vehicle's center of mass in track

coordinates to those in body coordinates. These equations are:

b

sece(QySin(ﬁ+ chos¢) &)

[en g
i

chos¢)— stim¢ (8)
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Q= Q + tane(QZcos¢ + stin¢) (9)

S * = u_ (cosdcosy) + u_ (-cos¢siny + singsin6cosy)
* y (10)
+u (singsinyd + cosgsinbeosy)
- 3
Sy =u_ (cosBsiny) + ug (cosgeos)d + singsinésiny) (1)
+u (-singcosy + cos@sinbsiny)
gz* = ux(-sine) + uy(sin¢nose) + uz(cosecos¢» (12)

Yhere ¢! é, and &)are the Euler angular velocities and gxf
ByTand EZTare the three velocity components of the vehicle's center
of mass in track coordinates,.

The analysis accounted for three types of forces (and the cor-
responding moments): velocity~dependent lift forces, perfect-image
guidance forces, and damping forces from passive coils with negligible
inductance. Several refinements and additions to the representation of

the forces and moments acting on the vehicle have been made in the present

program as described below.

Modifications to the Analysis

Passive Damping

The subroutine which calculates the damping forces generated by
the passive damping coils has been refined to include the inductance of
6
these coils. With this refinement the current in each damping coil is

a dependent variable governed by the circuit equation for the coil:
di

] ' d d(2z) d 13 d(2z)
Ri + i L -M + (LM \V}™—=-1 ——— —— =0
d d d(ZZ)( d 23) dt ( d 23) dt v d(2z) dt (13)
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where

R = coil resistance
‘1i = coil current
¢
Ld = coil inductance
M93 = mutual inductance between the damring coil
4 and its image
M13 = mutual inductance between the vehicle magnet
coil and damping coil image
I = magnet coil current (assumed constant)
v

The damping force is then related to the damping current by the ecuation

dMm
F = o7 § —=L3 (14)
damp v d dz
Thus, four new dependent variables, the damping currents, id, or,
equivalently, the damping forces, F , are introduced. The governing

damp
equations for this system now number 16: six equations of motion, six

auxiliary equations, and four circuit equations. As before, this system
of simultaneous differential equations is numerically integrated by the
Runge-Kutta method to obtain the 12 dependent variables which define the
motion of the vehicle and the four dependent variables which define the

Torces generated by the passive damping coils,

. Active Damping

A new subroutine has been created to account for the forces generated

by the active damping coils., The active damping force is given by

=F - f (v 15
active damp o L( ) (15)
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cc 1/2 2 1
where F_ = (L + 4z z) / + (W + 4z z )
ﬂ(zO + zc) oc oc

/2

2 1/2 2 2 1/2

(L + 4z z ) = (L + W + 4z c) /

—2(z +z)+ c ¢ oc . 4z 2
o c o

2
L + 4z Z
oc

2 1/2 2 2 1/2
(W + 4z 2z ) / - (L + W + 4z z )
+ oc o ¢ . 4zozc (16)

2
WV + 4z =z
ocC

W = permeability of the magnet

=4
-
1l

amp turns in 1ift magnet

NI = amp turns in active coil
z = height of 1ift magnet above guideway at equilibrium
z = height of active coil above guideway at equilibrium

L = length of 1ift magnet (equal to length of control coil)
w

1

width of 1ift magnet (equal to width of control coil)

a function which accounts for the dependence of the 1lift
force on the velocity down the guideway.

£ (v)
L

The control current is determined by the absolute vertical position,
velocity, and acceleration of a sensor located near the control coil
according to the equation Ic = oz + Pz + yﬁ where the feedback quantities
lead the active damping current by 0.01 sec. For the activé damping

coils on the SRI vehicle the maximum values of the feedback coefficients

are
-1
o4 = 11,650 A m
max
-1
g = 770 A m sec
max
-1 +2
v = 51 Am sec

max ' 26



Guidance Force

The calculation of guidance force was modified to include its
dependence on the vehicle velocity down the guideway. The guidance

force is now calculated acéording to

FG = FG (=) * fG(v) (17

where FG(m) is the perfect-image guidance force (at infinite velocity)
and fG(V) is a function which accounts for the dependence of the guid-

ance force on the velocity down the guideway g5 shown in our earlier report,

Guideway Profile

Two deviations from a perfectly flat guideway were present in the
vehicle experiments: relatively small inherent irregularities arising
from plate warping, ground settling, etc., and larger, well defined purturba-
tions designed to give the vehicle large oscillations. 1In an effort to
simulate the experimental data analytically and to determine the effect
of inherent track perturbations on vehicle motion, both types of guide-

way perturbations were modeled in the analysis,

The inherent irregularities were first determined in a survey of the
guideway. In the survey the vertical deviation of the guideway from a
horizontal flat plane was measured at a discreet number of points at
l-foot intervals, Both sides of the guideway were surveyed. At each
time step in the programmed solution the vertical deviation of the
guideway was then calculated by linear interpolation between two adja-

cent surveyed points.

The explicit perturbations produced by a 3/4-inch thick aluminum
plate placed on the surface of the guideway were also modeled. Physi-
cally the vertical deviation in the guideway at each end of such a
plate spans an infinitesimal length of the guideway (i.e., a discontinuity).
However, the 1ift magnet has a finite length; therefore the resulting

perturbation in 1ift force is a continuous function of time and has a
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duration equal to the time it takes thé maghet to traverse the edge of

the plate.

In the analysis the 1lift magnet is modeled as a point, i.,e., it has
an infinitesimal length, Therefore, to produce a perturbation in 1lift
force which is a continuous function of time and has the correct dura-
tion, each edge of the plate was modeled as a vertical deviation in the
guideway over a length equal to that of the actual magnet. More speci-

fically, each was modeled as a ramp with a maximum vertical deviation

of 3/4 inch. Hence, the overall shape of the plate is that of a trapezoid,

Longitudinal Acceleration Input

In most experiments the velocity of the vehicle down the track is
not constant. Since the frequency of track perturbations, the magnetic
force, and other parameters are determined by the instantaneous value of
the vehicle velocity, some information about how the velocity is changing
is required to model the vehicle motion, In the presént analysis this
information was input through the measured longitudinal acceleration ﬁx.
(In the analysis this quantity was most conveniently interpreted as a
net propulsive force Px = mﬁx shown on the right~hand side of Equation (1).)
After the initial vehicle velocity uxo is specified, the velocity at later:

times is then obtained in the integration of the equations of motion,

Sensor Output

In the experiments the vehicle motion was monitored by measuring the
position and acceleration in the vertical and lateral directions at sev- ;
eral points on the vehicle, So that a direct comparison could be made
between the experiments and the analysis, the twelve dependent variables
which describe the motion of the vehicle were interpreted in terms of

the quantities measured by the sensors,

To interpret the calculated vehicle motion in terms of the quantity

measured by a vertical position sensor two modifications to the analysis
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were required., First, the vertical position of the vehicle at the

location of the sensor, r , was calculated according to the relation

s
r =S - r sin 0 r sin 18
S z* X * y ® (18)
-> -
where r =1 . e,
i i
9
r = the position vector from the vehicle center of mass to the
sensor in body coordinates,
_.9 -
e, = a unit vector in body coordinates, and S " is the vertical c.m.
z

position,
Second, the discontinuities in the guideway (e.g., the edge of a plate)

which cause a discontinuity in the output of a vertical sensor were also

included in the analytical output.

To interpret the calculated vehicle motion in terms of the vertical
acceleration measured by an accelerometer, the acceleration at a point
other than the center of mass was calculated. This acceleration, az, is

related to the dependent variables by the relation
a =1 +(rQ) -rQlX0 - (rQ -rQ)U +rQ =1 (19)
z X z zZ X X zy vy z 'y y X Xy

Z

Drag Force Calculation

The capability to calculate the magnetiec drag according to the
analysis given in a previous report! has been added to the computer pro-
gram, This force, like the 1ift force, is introduced as a function
fitted to the results from a seperate program that performs the exact
analysis. This capability requires that the propulsion force ( pro-

vided by the winch cable in the experiments)also be inputted.

Lift Current Input

The capability to calculate the magnetic forces from a variable
magnet current has also been added to the computer program. This current

can be inputted from that measured in experiments,
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Iv ACTIVE DAMPING SYSTEMS ANALYSES

One of the advantages of a MAGLEV (superconducting maghetic repul-
sion) éystem for high-speed ground transportation is that large suspension
heights (~ 0.3 m for 300 mph) of the vehicle above the track can be
obtained. Consequently, the ride quality of the vehicle is less sensitive
to track irregularities than magnetic levitation schemes operating with
considerably smaller clearances (e.g., magnetic attraction clearance
~ 1 em). Since the construction and maintenance of an accurate guideway
can be expensive, and constitute a substantial percentage of the total
cost of such a system, there is a great advantage to being able to tol-

erate initial guideway inaccuracies and guideway changes over time.

The ride quality specifications established by the FRA determine
the maximum permissible vehicle accelerations as a function of frequency.
These specifications are flat from O to 1 Hz and require a slight decrease
in the accelerations from 1 to 3 Hz, with a substantial drop above 4.5 Hz.
The natural heave frequency of a full-scale MAGLEV vehicle is expected to

be in the 1 to 2 Hz range. Consequently, the vertical heave acceleration

will also be peaked in this range, and may exceed the FRA specification.
Thus, some form of damping is desirable to improve the ride quality by
lowering the frequency and amplitude of the peak to the less stringent

O to 1 Hz region of the FRA specification. Damping is basically necessary
to avoid instabilities in the vehicle's motions. Passive electromagnetic
damping was employed for fhe above purposes in earlier tests and was

tested more extensively in this work.,

It is not known at this time whether sufficient damping is available

from passive techniques, to provide the ride quality required for a
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revenue vehicle. The use of passive damping is highly desirable even if

other types of damping are also employed, since it provides a reliable

back-up system to ensure safety in the event an active damping system fails,

Active damping can be used to achieve a desired ride quality over
a guideway too rough to be used with passive damping alone. Consequently,
there may be a considerable economic advantage to using an active system

in conjunction with a passive damping system.

Active damping uses a conventional electromagnet placed between
the superconducting magnet used for suspension and the conducting guide-
way. By servo-controlling the current in the electromagnet to respond
to changes in vertical acceleration, velocity, or position, active
damping of the vehicle's vertical motions can be accomplished. Two
characteristics are of primary concern in active damping. First, the
natural heave frequency can be shifted to a lower frequency, if position
or acceleration feedback is used. Second, the proper combination of
feedback parameters will result in the required ride quality for the

least amount of active control power.

This active damping problem has been examined by Ford9 and is dis-
cugsed by W:leie.10 Wilkie examines an active damping system which
incorporates a small (~ 5%) additional current in the main suspension
magnet to control the ride quality.‘ A similar approach was taken in
the current program, but in this program the control current drives a
second magnet close to the main magnet. The analysis of this system can

be shown to be identical to that of Wilkie, with slight modifications.

When there is no perturbation in the guideway, the control current,
Ic, should be zero. The interaction of the actively controlled magnet
with its image drops out of the calculation because Ic = 0 at equil-

ibrium. (The problem is defined in Figure 6.) The interaction of the

magnets with their images produces four 1ift forces: two are identical,
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one drops out, and a fourth is the main 1ift force on the superconducting

magnet.

The dependence of the 1ift force on the magnet current, and the
vehicle's velocity andrsuspension height, were given in an earlier report}
The damping force is similar to the 1ift force in these respects. The
earlier formulae, however, must be modified to correct for the suspension
"height of the control coil (which is a distance, d, lower than the sus-
pension magnets) and the magnet currents. This suspension height cor-
rection is introduced through a parameter K. The suspension force is
proportional to the square of the current in the suspension magnet, but
the damping force is proportional to the product of the currents in the
guspension and control magnets. This correction ig introduced through a
parameter o, and modifies Wilkie's Equation (9) to give the following

equation of motion:

(t) + wnz\:e(t) - H(t)] - zxaxc =0, (20)

where e(t) is the vertical deviation of the suspension maghet from a
straight line in the inertial frame, H(t) is the vertical deviation of
the guideway in the same reference frame, and Ic is the active control

current. The natural frequency of vertical oscillation is given by:

w22 —52 5 & (2 ) (21)

where ISo is the constant current in the suspension magnet, N and N
s c
are the numbers of turns in the suspension and control magnets, respec-

tively, and

o=Ng/NI . (22)
¢ s so

The vertical position correction parameter K is given by
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I N
so
K = ——2_ f(2z - d) (23)
ng S0
and equals
f(2z - d)
> (24)
f(2z )
o

for the initial conditions e(t) = 0, H(t) = 0, and IC = 0, K is unity
when the control and suspension magnets are coincident (d = 0). The
function, £, is the normalized constant velocity 1ift force given in our

earlier reports. ’

The control current, Ic, can be made to depend on absolute values
of the vertical acceleration or velocity and either absolute or relative
positions or combinations of any of these. This can be accomplished by

assuming the following form for Ic:

I =g 8(t) +q.e(t) +qe(t) - q "H(). (25)
c o] 1 2 2 .
For absolute position feedback, qz' = 0, and for relative position
feedback q2' = q2. This form of active control current yields the fol-

lowing general equation of motion:

o . 2
el - QKaqO] - e(t)ZKaql + e(t)[wn - 2Kaq2]
2
= [w = = 2Kgq,'JH(T). (26)
n 2

The oscillatory, steady-state form of this equation can be found

by taking its Fourier transform to obtain:

2 ~
(o~ - 2Korq ", TH(Jw)
E(jw) = 5 5 27)
(w = = 2Kea ] =~ o [1 -~ 2Kxq ]« jw 2Koq
n 2 o] 1
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where E(jy) and ﬁ(jw) are the transformed functions e(t) and H(t). This
10
expression is similar to Equation (13) of Reference if qo = 0 and
t

q2 = q2'

The corresponding accelération is shown below using the earlier initial

conditions.

2 2 ~
- [wn - ZKaqz']H(Jw)

E(jw) = (28)

2 2
lo,” - 2Kozq2] - [1 -~ 2Kozq0] ~ Ju 2Ky

It should be noted from Equation (28) that velocity feedback alone
(qo, qz = 0) does not shift the resonances of the vertical accelerations.
However, position (qz), or acceleration, (qo), feedback will shift the

regsonant frequency. It also should be noted that the transformation
from relative position feedback (qz' = qz) to absolute position feedback

(g.' = 0) increases the frequency independent coefficient on the right

2
side of Equation (28) ([wnz - ZKaqz’]), gince ZKaqz' is positive definite.
This means that more control power is used in correcting the motion from
a given track perturbation, when absolute rather thén relative position
feedback is used. Ford 8 did a parametric study of the feedback for this
problem and concluded that the best ride quality was obtained with the

jeast control power when absolute velocity and reiative position feedback

were used.

The above analysis does not include relative velocity and accelera-
tion feedback. In the tests performed only absolute velocity feedback

was used for controlling the active damping currents.

It is advantageous fo use a separate magnet for active damping
because the active control is not required to handle the large dc currents
associated with the main 1ift magnets. When the 1lift magnets are in a
persistent mode of operation, there is an added safety feature resulting

from a sustained 1ift force during a vehicle power failure. It is also
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possible with a separate actively controlled magnet to position it closer
to the guideway to increase the correction force for a given control
current (K >> 1) and to reduce ac losses in the superconducting magnet

by a reduced mutual inductance. In nclusion, it is generally possible
to incorporate an active damping system with a superconducting magnet

MAGLEV vehicle by the use of a separate, active magnet and improve the

ride quality with reduced tolerances in the guideway.

Circuit Analysis

An active damping system of this type was incorporated in the SRI
MAGIEV vehicle. All three parameters, referenced to the inertial frame,
were available for active control of the currents. The control current

in each of the magnets was given by the following equation.

I =g 8(t) +q.e(t) + q.e(t) (29)
¢ [e) 1 2

On-board sensing of e(t) was obtained from vertical accelerometers

placed near each magnet. Equation (29) can be rewritten as

o] t q t.t
o 1 ro\.. 2 27 2\..
1 = q e(t) +—[n 1dt}je(t) + ~5 o dt Je(t) (30)
C 0 o c 4 3) c J
c e} c o O

wvhere the latter two terms have the same form as single and double analog
integrators with unity gain at frequency wc’ operating on the accelera-
tion 8(t). Then, if the acceleration is in the form of a voltage,
Equation (30) is also in the form of an actual circuit equation. Using

the Lollowing substitutions

2
= Gmyg = Gmyp g = G i
qO 10 ’ ql mwcql’ qZ mwc q2

(31)

wvhere Gm is the overall gain conversion for the analog circuit and has a

valuce of 500 A per g, Equation (30) becomes
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t t t
- ey 1 ‘r . " f 2) .
Ic = Gm[qo e(t) + ql (Dc Jdt)e(t) + q2 Q”c i édt e(t)‘ (32)
o

1"
1’
potentiometers Nos-. 1, 2, and 3 in the circuit of Figure B-lin the

where qo", q q2" refer to the percentage of full-scale setting of
Appendix. For a vehicle velocity of 10 m/sec, a weight of 1000 1b, and

a current, Iso' of 100 A in the superconducting magnets, a suspension
height of zso = 8.5 cm, and a value of d = 5.0 cm, f(z) can be found

from the earlier report and gives the value K = 1.72. The nominal values
of the magnetic windings used were Ns = 580 and Né = 132, respectively.
The integration frequency was set at wc = 27 (2.4 Hz). The slope of the
£(z) curve in the earlier report for.a value of z = 8.5 cm at a velocity
of 10 m/sec is = 4.3 x 10—6N (At)-zm-l. The vehicle weight per magnet
is 1.1 x 103 N. Thus, from the definition of wnz given earlier and using
the values of the parameters listed above, Wy has the value of 27(2.34 Hz),
which simplifies the calculations, because the ratio “h/“h is then unity.
The integrators will operate above a frequency of 0,2 Hz, which is well
below the resonant peak, From Equation 28, for the case of velocity
feedback, only (q2 = qO = 0), and using absolute position feedback

o

(qz' = 0), we see that critical damping is obtained for a, = Eg. This

requires ql" to be set at

, N I 4
w1 1%  Ts'so() _ (5.8 x 10)
1 Gm Ko o gN GmK
C C

: 7 ~ 1/2 (33)
(6.60 x 10 )(1.72)
Thus, for the particular case mentioned for velocity feedback only,
1/2 F.S. setting of potentiometer No. 2 would yield critically active
damping. The other possible combinations can be examined in a similar

manner, but were not used in the experiments.

This circuit is assumed to be operating in an ideal fashion. Since

the active controls are limited by the current source used (e.g., a battery),
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the active control current response for a particularly large acceleration
will degrade above a maximum permissible acceleration, and no longer
operate in an ideally damped mode. A recovery time from a large pertur-
bation also exists that'will also degrade the circuit's performance.

These effects were experimentally observed. .Cohsequently, any passenger
vehicle traveling at 300 mph would most likely incorporate forward-looking
acceleration sensors to anticipate the active current needs before they
are encountered. These sensors would change the vehicle ride quality by
having the effect of reducing the size and lengthening the interval for

a particular set of guideway pexrturbations. The circuit described here
was primarily used to investigate the improvement in ride quality from
acting damping, rather than to necessarily optimize the overall system.
Even with only 75% of the actively controlled magnets operating correctly,

the experiments clearly demonstrated an improvement in ride quality.
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\ EXPERIMENTAL RESULTS AND ANALYSES

Introduction

THe experiments of Task 3 were performed for two reasons:
first, to provide more definitive data on the behavior of the vehicle
when using passive and active damping than could be obtained in the
previous experiments with a poorly welded guideway and insufficient
instruments,and second, to investigate the stability of the vehicle.
The emphasis in this program was on qbtaining experimental data;

it was recognized that detailed analyses could be made in the future.

These experiments can be grouped into four broad categories: Those
experiments that were performed (1) to measure the effects of improving
the guideway electrical conductivity and vehicle rigidity, (2) to mea-
sure the.vertical motions of the system, (3) to measure the lateral
motion of the vehicle, and (4) to measure the simultaneous vertical and
lateral motions of the system as well as all the angular modes of oscil-
lation., These tests were also used to search for evidence of the coupling

of different modes of oscillation,

The experimental parameters were restricted by the apparatus used. The

maximum suspension height was limited by the height of the sidewalls of
the guideway (15 cm) in earlier experiments; however, as the weight of

the vehicle increased, the suspension height was limited by the current-

~carrying capability of the superconducting magnets., As originally

designed, the magn?ts were to conduct approximately 75A while levitat-
ing the vehicle. The calculated critical current of the magnets was 160A,
Each magnet has conducted 140A without normalizing; however, they have
not been tested to their limits., Calculations indicate that above 100A
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the magnets should be cryogenically unstable, meaning that any normally
conducting zone ocourring in the windings should propagate through the
windings, causing a loss of the magnetic field. The cufrent was inten-
tionally set above 100A only once--the last test of the program, when
the current was set to 110A to emphasize lateral motions., The ability
of thé magnets to conduct this large a current was not recognized early
in the program and the vehicle was not levitated as high as it could

have been in some of the tests.

The earlier test were plagued by normalization problems with the
magnets., This problem stemmed from an inadequate liquid helium level
in the dewars and from intermittent shorts between the electrical leads
and ground. The dewars were filled until the vent gas indicated they
were full. This method was inaccurate and occasionally led to partially
filled dewars. The counter-flow current leads to the rear magnets
sometimes shorted to ground on one side. This grounding was normally
not a problem. It was observed, however, that 1f any other magnet lead
also shorted, the momentary alternate current path- caused the magnets

to normalize.

The vehicle's performance was also limited by the towing and brak-
ing mechanism, which constrained the test velocities to approximately
15 m/s (54 kmph). This limit was not too severe, since levitation
typically occurred between 4 and 5 m/s. This is also the approximate
speed at which the drag peak occurs, so the important regions of the
characteristic curves of magnetic levitation were readiiy encompassed

in the tests.

In the original design of the experiments, the drag force experi-
enced by the vehicle was to be measured. This force was to be measured
by determining the difference in force between strain gauges or load
cells located between the towing skid and the towing cable at the front

and rear of the skid. If we had made this measurement, however,
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the frictional force on the skid itself would have been included as an
apparent drag force on the vehicle, The only way to avoid this problem
was to instrument the bearings in the chassis to which the towing pin
applied the force. Such a modification would have required a substan-
tial amount of work and a delay in the experiments, since the bearing was
mounted in a reinforced section of the honeycomb platform

this reinforced section would have required extra plates external to the
honeycomb structure. Since the drag force calculations from earlier
work were in reasonable agreement with the experimental results, this

modification was not made.

The linear sensors used for both vertical and lateral position
sensing consisted of a 9 k() linear wire wound potentiometer, mechanically
linked to a spring-loaded, rubber-tired aluminum wheel. The overall lin-
earity of this measurement system over its entire 2.5 inch range was only
about 90%. But, over the range between 1.5 and 2.5 inches exten-
sion-~the range over which most of the data was obtained--this linearity

was increased to greater than 97%. The accelerometer outputs were pre-

filtered during the tests with an active 150-Hz low-pass filter having a
roll-off of 18 db/decade. When played back, the accelerometer outputs
were further filtered with the same active filter, set for a cut-off
frequency of 30 Hz., The 150 Hz filtering was necessary to remove the
saturation of the recorder heads caused by the sensitivity of the accel-
erometers to the prevalent high frequencies (up to 1 kHz). Since the
frequencies of interest extend only to 25 Hz, this filtering has no

effect on the data of interest.

During preliminary testing, there was no discernible cross talk
between data channels and all sensors were insensitive to the magnetic

field where they were located.

Finally, the mass of the vehicle and the distribution are accurate
to about 7%. This distribution can result in the center of mass being

located slightly away from the assumed center of mass at the towing pin.
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The quantities describing the vehicle's motion that were measured

directly were the following:

a, Vertical position at four peints

b, Vertical accéleration at four points

c, Lateral position at four points

d. Lateral acceleration at two points

e, Longitudinal acceleration

f. Longitudinal position

g, Magnet current

h, Control coil currents (sampled only-lateral position sensors

sacrificed for this purpose)

By analog processing of the original data, the following quantities
were found for most of the tests. The definitions of these quantities are
in inches of'displacement as shown in the figures. The sensors are
labelled in Figure 1. The following are defined at the approximate cen-

ter of mass.,

P5 + P6 + P7 + P8

H =
eave 4
P2 + P3) - (P4 + P1
Slip = (P2 + P3) " ( ) Motion to Right Positive
_ (P7 + P8) - (P5 + P6) e
Pitch = > Front Up Positive
(P3 + P4) - (Pl + P2) s
Yaw = > Front to Left Positive
P5 + P7) - (P6 + P8
Ro11 = 2 * PD) > (%6 + P8) Left Down Positive

The roll, pitch and yaw measurements can be converted to angular mea-
surements by dividing the above quantities by the distance between sen-
sors. For the pitch and yaw measurements, the angular rotation in radians
is given by the above equation divided by 92 inches and 86 inches, respec-

tively. The roll angle in radians is obtained by dividing by 38 inches.
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Vertical acceleration was obtained by averaging the accelerations measured

by the four vertical accelerometers; lateral (slip) acceleration was ob-
tained by averaging the accelerations measured by the two lateral accel-

erometers.

The data were sufficient to determine angular accelerations in each
of these modes, but were not processed to determine these parameters.
By integrating the accelerations or differentiating the positions, the
velocities in each coordinate could be obtained from the data. (All

the data are retained on magnetic tapes for future reference.)

The suspension height, Zo, is measured from the center of the

magnet windings to the top surface of the guideway. This height is
used in calculating the magnetic forces, but is not the actual height
of the wheels above the guideway. The latter height is given by the
position sensors., To correlate the two heights, the height of the mag-
nets above the guideway when the vehicle rests on its wheels must be
known, This distance varied from experiment to experiment as the mag-
nets' positions were changed. For typical tests with passive damping,
this distance was about 6 cm. The dewars had to be raised to accommo-
date the active coils in the active damping experiments, and was typi-
cally 8.2 cm. Therefore, tests having the highest suspension heights

did not necessarily have the largest clearances.

Vertical Motion Tests

All experiments performed entailed vertical motions, but in some
of these tests, other features of the vehicle's motion wére emphasized.
The tests described in this section were made specifically to evaluate
the vertical motions of the vehicle. The data presented do not include
all the data acquired, but are data that most directly, accurately or
clearly illustrate the phenomena discussed. Other data pertinent to

vertical motions are in Appendix A,
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The tests discussed in this section are:
(1) Those made to evaluate the effect of rewelding of
the guideway and strengthening the vehicle chassis

(2) Those made over the standard guideway, without
specific perturbations using active and passive
damping, and

(3) Those made over the symmetric step perturbation in
the guideway.

Guideway Evaluation Tests

The vehicle was levitated six times to obtain data for comparison
withrearlier tests over the unwelded guideway. Data were recorded in
five of these tests. Vehicle speeds varied from 9.4 to 14,1 m/s and
levitation heights varied from 7.4 to 10.1 cm, The instrumentation was
the same as that used in earlier work--one vertical and one horizontal

accelerometer and a vertical position sensor.

The data from test 14-4 of our earlier report gnd test 5 of the
current series of tests are shown in Figure 7., There are several conspicu-
ous differences in the results of these tests. The vertical motion is
clearly less pronounced in the later test, as indicated by both the ver-
tical position sensor and the vertical accelerometer. The noisy accel-
eration spikes in the earlier test were caused by single expansion Jjoints
in the guideway, positioned 100 feet from each end of the guideway, and
three unwelded joints, located in the center of the guideway to permit
the aluminum plates to be repositioned, There are no noteWorthy differ-

ences in the lateral motion,

In the earlier experiment, the welds in the guideway had been super-
ficial, penetrating only about 1/8 inch into the aluminum. These welds were
broken at the joints between successive plates on the guideway and re-

welded by tapering the joints and filling to achieve full penetration.
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Close inspection of the data from earlier test shows that 1ift was
reduced at these joints, causing vertical accelerations., A similar
periodicity is found in test #5, but is caused by the guideway being
warped by the heat of welding rather than by discontinuities in the elec-
trical properties. The acceleration on the far right of the recording

from the earlier experiment was caused by the wheels on landing.

Power spectral densities (PSD's) of the vertical accelerations were
determined for each of these tests, as shown in Figure 8, The peaks in
the two tests between 2 and 3 Hz are the fundamental frequencies of the
vertical heave motion. The peak in the earlier test between 9 and 10 Hz
was the fundamental frequency of the body flexure mode. In the current
program, the vehicle was strengthened, as discussed earlier, to increase
this fundamental frequency. Obviously, the 9 to 10 Hz peak was not
present in test #5 and new peaks are found at 15 and 30 Hz. The first
of these new peaks 1is presumed to be the fundamental frequency of the
body flexure mode of the strengthened vehicle, The identity of this
frequency is not positive, since other modes, such as pitch, could not be
observed with the instruments used in these experiments, However, although
the identity of this frequency is of interest, it is of no importance to
the experiments since these frequencies are absent or insignificant in

later, more important PSD's.

These tests indicate that although the guideway is not ideal, it
has been improved sufficiently to conduct meaningful experiments on the

dynamic motions of the test vehicle.

Standard Guideway Tests

The term "standard guideway", as used here, refers to the guideway
when no specific perturbations have been introduced. The vehicle was
levitated over the standard guideway to determine how effective the

damping systems were in providing good ride quality as measured by the
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power épectral density of the accelerations. The emphasis on power
spectral densities arises from the specification of both the vertical

and lateral ride qualities in these terms. In order to avoid misinter-
pretation, it is important to note that acceleration PSDS determined with
this vehicle on this gﬁideway are not those to be expected with a full-

scale vehicle.

PSD characteristics depend on the frequency of oscillation of the
vehicle in the heave mode, which in turn depends on the stiffness of the
magnetic suspension, i.e., the spring constant, and the damping coeffi-
cient. In addition, they depend on the roughness of the guideway, usually
characterized by the power spectral density of the irregularities in the
guideway. Since the spring constant and damping characteristics are
determined by the magnet and damping plate designs, the suspension
height, the guideway electrical characteristics, and the vehicle speed,
extrapolations to other vehicles and guideways must be made carefully,

The parameters and analysis relevant to the SRI vehicle and guideway were
given in our previous report.

The PSD of the guideway irregularities was approximated by a
function of the form A/Q2? where Q is the spatial frequency 2n/wavelength.
The guideway was surveyed and the data analyzed by a standard PSD program.
The value of A was determined by best fit of an A/Q2 function to the plot-
ted data. The results of this fit for the vertical irregularity PSD
are shown in Figure 9 and A is approximately 10”5 ff-rad,

The experimentally determined parameters relating to the passive
damping tests are summarized in Table 1. The currents indicated are

approximate since the current increases after the vehicle levitates.
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Table 1

PASSIVE DAMPING TESTS OF VEHICLE OVER STANDARD GUIDEWAY

Test No. v 1z,  Peak of PSD ' Peak Frequency
m/sec A cm rel.to 1g2/Hz Hz

8 5.5 87-91 6.9 -28dB ' 6.41

9 5.2 78-79 7.0 NA NA

13 4,6 87-90 6.9 -33dB 5.96

13 8.9 87-90 8.3 -35dB 2.73

14 6.8 75-79 6.9 -33dB 5.3 and 6.4
15 9.9 89 8.4 NA ‘ NA

16 9.5 87-91 8.7 -35,3dB 2,79

19 9.4 90 7.2 NA NA

21 8.8 85 8.7 -37dB 2.57

One parameter of interest for vertical motion tests is the suspen-
sion height, Zo. The suspension height of each of the magnets can be
different, depending on the roll and pitch attitude of the vehicle, For
this reason, the suspension height generally referred to is that of the
center of mass which, by definition,is unaffected by roll or pitch, Dis~
placement of the center of mass in the vertical direction is called
heave. The heave characteristic for test #21 using only passive damping
is shown in Figure 10. This test, which was one of the better tests
conducted with passive damping, was performed at an average speed of
8.8 m/s during levitation, The suspension height was 8.2 cm, and the
clearance of the wheels was 2.3 cm. Time increases in fhe direction of
the arrow. A downward displacement on the record corresponds to
an increase in 1evitatién height over the guideway. Perturbations in
the suspension height are primarily the result of variations in the
height of the guideway. By comparing this record to the lateral track
profile as measured by the lateral sensors, ten of the peaks can be cor-
related with the location of welds and their corresponding perturbations
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in the guideway, Although the vehicle is repeatedly perturbed, the
resulting oscillations were rapidly damped. No growth of oscilla-
tions occurred. This is more clearly seen in the heave acceleration

shown in Figure 11.

Accelerations aﬁd positions are not expected to exéctly correspond,
since the vehicle does not necessarily follow the guideway profile,
althoggh the position sensors do. If the vehiéle followed a straight
line, the vertical position sensors would map the guideway vertical

profile while the accelerometers would register no motion at all.

The criterion of performance of the vehicle is the PSD of the vertical

acceleration, which is shown in Figure 12, The peak in the PSD occurs

at 2.57 Hz. In our earlier report? we calculated frequencies of damped
oscillation for the heave mode in the range of 2.3 to 2.6 Hz, depending

on fhe speed and suspension height. This calculation was based on a

single degree of freedom model but the results were substantially the

same as obtained in the experiments with five degrees of freedom. The
frequency of heave oscillation of the vehicle after passing over a step
perturbation is shown to be of approximately this frequency in the next

section,

Irregularities in the guideway affect the motion of the vehicle,
and it is therefore necessary'to assess the effect of these irregularities
on the PSD's. The frequency of the periodic driving force resulting
from thése periodic irregularities is determined by the distance between
the vehicle magnets, the spacing between the irregularities, and the
vehicle velocity (V). Since the distance between the centers of the front
and rear magnets is 3.51 m, a periodic driving force occurs with a frequency
fi = V/3.51 when the vehicle traverses a single perturbation. A second
periodic force is det?rmined by the reciprocal of the time required for
the front magnets to pass over one weld induced irregularity after the
rear magnets have passed over the preceding weld. This interval defines
a frequency f2 = V/2.59. Finélly, a third periodic driving force has a
frequency defined by the 6.1m(20-feet) distance between guideway welds,
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leading to f3 = V/6.1. At a velocity of 8.8 m , as in Test 21, fl =

2.51 Hz, fz = 3.4 Hz and f3 = 1.44 Hz.

Of these three fréquencies, only fS is associated with the guideway
alone and is most likely to affect the heave mofiond All three frequencies
can affect the pitch motion, but in the absence of a strong coupling,
between the pitch and heave modes of oscillation, and for small perturba-
tions, fl and fz will not have an appreciable effect on the heave motion.
Neither the f2 nor f3 frequencies appear in the PSD in Figure 12, fl
is near the peak in the PSD and cannot be separately identified. Since
the periodic force is not expected to contribute significantly to the
heave mode, the peak can safely be identified as the natural frequency
of heave oscillation.,

Test #16, performed at 9.45 m/s and a suspension height of 8.7 cm,
was very similar to test #21, having a peak in the PSD of the vertical
acceleration at 2,79 Hz and fl = 2,69 Hz, as shown in Figure 13, Test
#13 was performed at two nearly constant speeds at.different places on
the guideway during the same run. The higher speed test with V = 8,93
and a suspension height of 8.3 cm resulted in a peak at 2.73 Hz whereas

f = 2,54 Hz,
1

No attempt has been made to establish the sources of the high fre-
quency peaks in these PSD's, It is suspected that much of this noise
arises from vibrations associated with the many components on the vehicle,

It will be recalled that the acceleration data are attenuated above 30 Hz,

The low-speed portion of test #13 is markedly different than the
high-speed portion in that the frequency of the peak in the PSD occurs
at 5.96 Hz in Figure 14, This behavioi was also found in tests #8 and
%14, In each of these tests the velocity and suspension height were
comparatively low (4,6 - 6.8 m/s). The reason for this behavior is

unexplained, but might have been caused by one or more wheels remaining
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in contact with the guideway due to an imbalance in the vehicle. Figure
11 shows that an oscillation of about this frequency also occurred at

the onset of levitation in test #21.

Pitch and roll were also evaluated for these tests and are shown
in Figures 15 and 16 for test #21. (Yaw and lateral slip are discussed
together with other lateral tests belo&.) The major spikes in the pitch
record can again be identified with the perturbations at the welded
joints, but the oscillation between these spikes are characteristic of
the suspension system's natural pitch frequency. This is most clearly
j1lustrated by the almost sinusoidal oscillation just to the left of
the center of Figure 15. The two lowest points correspond to welds in
the guideway., The first peak and following minimum are due to the
vehicle oscillations at its natural frequency. The following peak 18
distorted as the rear magnets traverse the same perturbation ~ 0,44 sec-
onds later. (The veloecity at this point was 7.9 m/s8.) The approximate
frequency of this pitch oscillation is 3 Hz, Having identified this
frequency, one can move a scale along the recording in Figure 15 and
jdentify other, less clearly defined, peaks with the same periodicity
although the frequency of guideway perturbations changes as the velocity
increases to 10.5 m/s. This was the only oscillation of any appreciable
magnitude that occurred, and it damped away after little more than one
cycle, The ratio of the magnitude of the second minimum to that of the
.{kminimum occurring at the weld is approximately 0,46, leading to a damp-
ing time of 0.43 seconds, based on admittedly sparse data. Better and

more accurate results are presented later.

The results for the roll angle are similar to those of heave and
pitch as shown in Figure 16. No clear damping time is evident in this
data, although it is obvious that roll oscillations are not growing with
time. In these data as in other data obtained by the position sensors,

the vehicle may not move as much as the sensors indicate because the
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sensors also indicate the vertical perturbations in the guideway. To

obtain more accurate motions, the accelerometers should be integrated
twice to obtain motions relative to an inertial frame rather than with
reference to the guideway. This type of analysis was not done, but can

be done in the future using the data on magnetic tape,

Three tests (29, 30, 31) were made with the vehicle using actively
controlled damping coils and currents proportional to the absolute
vertical velocity of the vehicle. The vertical velocity was obtained

by integrating the output from the vertical accelerometers,

The heave position measurements from tests #29, #30, and #31 are
shown in Figure 17 where the feedback controls were set for approximately
3/8, 5/8 and 1 times critical damping, respectively. By comparing Fig-
ure 17 with Figure 10, it can be seen that the actively controlled feed-
back damping removed many of the minor perturbations occurring in the
suspension height, which can also be seen in the vertical (heave) accel-

erations from these three runs as shown in Figure 18.

The PSD's of these vertical accelerations, shown in Figures 19
through 21 confirm that the peak accelerations were lower by approximately
10 dB (a factor of 10) when the active controls were used in conjunction

with the passive coils,

In experiments using a roll perturbation, it is seen that a dis-
tinctive roll occurs near the end of the run-~the same behavior was noted
in each of the other active tests (Figure 22)., This feature has now been
traced to the defective operation of the left rear active control circuit,
leading to a roll when a large vertical perturbation occurred. This
electronic failure in one of the four controls also prevented the attenu-

ation of the pitch to the extent expected as seen in Figure 23,

In the direction of roll, all four damping coils act together to

inhibit roll in the inertial frame--two react against an upward acceleration
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and two react against a downward aécleration. For this type oxf

motion, three of the four active coils are effective., The same degree

of effectiveness applies to the pitch mode when the vehicle is over an
unperturbed guideway. If the guideway has an explicit perturbation
causing a pitch motion, however, only two coils are subjected to the
perturbation at one time, leading to a 50% performance of the controls
when one fails. This accounts for the relatively smooth behavior in roll
while the pitch motion resulting from explicit perturbations is comparable

to that of the passively damped system.

We have seen that the vertical PSD's were about a factor of 10 lower
than they were Qith the passively damped system. This reduction in the
PSD's was achieved with only 75% of the controls operating. If the
fourth control had operated, one might expect another 3 dB lowering of

the PSD,

The data presented so far are referenced to or around the center of
mass of the vehicle. At this point, vertical accelerations caused by
pitching or rolling are cancelled, and the best ride quality is attained.
Power spectral densities were obtained in several cases for the left
front vertical accelerometer to measure any characteristic differences
between this position and the center of mass. One example is shown in
Figure 24 and can be compared with the same, passive test at the center
of mass in Figure 12. An obvious difference is observed in the PSD at
intermediate frequencies of 10 to 25 Hz. At the center of the mass, the
PSD is greatly reduced in this frequency range, whereas at the corner of
the vehicle the PSD is as much as a factor of 10 greater, Since, pre-
sumably, the vehicle must be designed to meet certain ride quality cri-
teria at any point in the vehicle, the corners provide a more stringent

test of the system's quality.

This additional power arises from the pitch and roll motion of the

test vehicle, The same type of behavior was observed in the active tests,
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but was less pronounced in this frequency range, Figure 25 through 27.
Researchers at Ford previously modeled the PSD of the vertical motion

at the center of mass, including only the pitch and heave modes of
oscillation. They found a minimum in the PSD when Cosz(qu/Z) = 0, or
wTd = T, where Ty is the time required for successive magnets to traverse
a guideway irregularity. Td = L/v = 3.506/v(m/s) in our case, leading

to w/v = 1/38.506 as the condition for the first minimum in the PSD. The
frequency of the minimum occurred at approximately 20.3 Hz in one exper-
iment with V = 8.8 m/s, leading to w/v = 14.1, rather than n/3.506 = 0.896,
This substantial difference is not currently explained. It is possible
that the peaks above 25 Hz are all due to miscellaneous oscillations of

component parts of the vehicle and do not relate to the characteristic

rigid body vehicle PSD.
Symmetric Vertical Step Tests

The primary objectives of these tests were to establish the stability
of the vehicle under severe perturbations, to provide a stringent test of
the analytic model when the force-displacement characteristic of the mag-
net is clearly nonlinear and to establish the frequencies and damping
times of heave and pitch oscillations., The tests- were performed with

both active and passive damping systems.

These experiments were performed by levitating the vehicle over two
symmetrically located 3/4-inch (1.9 cm)-thick aluminum plates placed on
top of the standard aluminum guideway. Plywood sheets of the same thick-

ness were placed on the aluminum guideway preceding the supplementary

aluminum plates to avoid the possibility of damaging the vertical
position sensors which cannot ascend a vertical step. Ideally, the
experiments would have been performed by also replacing the plywood
with aluminum, providiné a single rather than a double step. The
nonideal situation led to some complications in interpretation, but

generally duplicated by the analytic model.

The parameters appropriate to each test are listed in Table 2.

The damping time constants were determined from the amplitudes Al and A2
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Table 2

PARAMETERS ASSOCIATED WITH VERTICAL SYMMETRIC STEP TESTS

. y f '

ZZW v B I% fpitch Tpitch fheave Theave piteh ipitCh

Run = Active Damp. Set. (cm) (m/gec) (A) (Hz) (sec) (Hz) (sec) fheave Wheave
22 None-passive 8.1 11.3 86 3.28 0.33 2.4 0.75 1.35 0.44
23 None-passive 7.9 8.8 86 3.38 0.30 2.3 0.65 1.45 0.46
24 None-passive 9.0 8.3 95 3.08 0.30 2.3 0.75 1.35 0.40
34 100% C.D. 9.6 11.7 105 1.91++ No oscillation 2.9%* < 0.48 NA NA
35 70.7% C.D. 10.6 12.8 107 2.10tf No oscillation 2.7 < 0.57 NA NA
36 70.7% C.D. 9.5 7.8 106 1.25tt No oscillation 2.3 < 0.76 NA NA

3
Measured in region immediately afier point D of Figures 28 and 29.

+ 5.9 cm for Runs 22-24) . . . . .
z = Az + where Az 1is the actual levitation height of the vehicle.
o o 8.2 cm for Runs 34-~36 o

L
T

Measured over very short region in time with no apparent exponential decay.

-

1'Frequency actual is coming from 20~foot track perturbations driving active controls. Run 34 active
control current "'pitch' had a frequency of 1.94 Hz (compared to a vehicle pitch frequency of 1.91 Hz).
Since it was a driven frequency, one would not expect a decay time constant.



indicated on Figures 28 and 29, and the expression
-t (n A/A)7!
T = o n A /8, ,

where to is the time between peaks, The amplitude of the first peak was
not used since, as was shown in our earlier report, the curve is not
purely a damped oscillation but includes an additional exponentially
decaying term, By using the later oscillations, we assumed that the
additive term had decayed to an insignificant fraction of the usual damped
oscillatory term, Both the damping time and the frequency of oscillation
are functions of the velocity and suspension height of the vehicle and

are therefore time-consuming to calculate from first principle in each

case, The computer program used to simulate the vehicle motions includes

the corrections and provides the best test of the validity of the model,

The frequency of oscillation, f, was determined from the peak-to-
peak time of the data, and Zo is the average suspension height of the
center of mass. The velocity, vo, was determined from the time required
to traverse one 20-ft-long aluminum plate as indicated by the lateral
position sensors. The calculated damping coefficients, expressed as

percentages of critical damping, using absolute velocity feedback, are

given in the table for the actively controlled tests.

The heave and pitch motions of the vehicle during test #24 are
shown in Figures 28 and 29. In these figures, the vehicle levitated at
approximately point A, with the rear of the vehicle levitating first,
due to the front magnets being set slightly higher than those in the
rear, and possibly a nonuniform distribution of weight, The front wheels
might not have left the guideway in this region, At point B, the front
magnets encounter the upward step onto the additional plates, causing an
oscillatory increase in suspension height and a pitch upward of the
front of the vehicle. The front and rear magnets drop off the step at

points C and D, respectively. Since the vertical position sensors are
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between the magnets, the front sensor drops after the front magnets and
the rear sensors drop before the rear magnets, The sensors dropping
off resulted in the two nearly vertical portions of the trace. After
the rear magnets drop off the vertical step, the vehicle oscillates in
both heave and pitch with the indicated amplitudes—--damping to a level
ride marked only by track perturbations. The vehicle was pitched
slightly forward, due, as mentioned earlier, to the front magnets being
about 0.1 inch higher than those in the rear, and possibly to an uneven

weight distribution,

A total of four passive (Nos., 22, 23, 24, 32) and four active
(Nos, 33, 35, 35, 36) damping tests were performed over the step per-
turbation. Only six of these yielded useful data due to the normaliza-
tion of a magnet in one run (No. 33) and the failure of the data record-
ing system after the step in another (No, 32)., The active tests were
marred by the failure of one of the active damping controls to produce
the required current. The current was only about 10% of that necessary.
This failure was not detected in the earlier tests since the current in
only one of the controls was measured at that time., The current demanded
by the controls was slightly in excess of that which could be supplied
by the batteries in some cases when the vehicle traversed the vertical
step. This was not always the case, and even when it did occur, the
ride quality was markedly improved over that provided by passive damping
alone. The pitch motion, however, was not attenuated as occurred in the
actively controlled experiments over the standard guideway discussed in

the previous section,

The heave oscillations decayed very rapidly in the active control
tests, and only an upper limit to the decay time constant could be esti-
mated, The heave frequency was similarly estimated. The fundamental
pitch oscillation also decayed rapidly, but had a distinct periodic

nature that did not decay and can be identified with track irregularities.
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This was caused by one defective active control circuit, as discussed
previously. The same pitch frequency was apparent in the heave and roll
motions of the test vehicle., The difference in active damping for heave
motion for different active control setting was observed in the heave
motions of runs Nos, 34 and 35. The damping of Run No. 35 had
an overshoot relative to run No. 34 (100% C.D.) which indicated an under-

damped control setting (70.7% C.D.).

Direct comparison between the active and passive tests is shown in
Figures 30, 31, and 32. In general, the active damping system damped
oscillations in both pitch and heave soon after passing the step perturba-
tion, but subéequent minor irregularities continued to perturb the vehicle
at 20-ft intervals, as explained earlier. The vertical accelerations of
actively contfolled test No. 36 in Figure 32 is very quiet, suggesting
that the perturbations in the vertical position (Figure 30) are caused
by the sensors following the track while the vehicle travelled a con-
siderably smoother course. Note that the heave acceleration frequency
(2.35 Hz) of run No. 24 is close to the heave motion frequency. The
reduction in vertical acceleration when using active controls is clearly

evident in this figure.
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Simulation of Vertical Motions

Vertical motions observed in the experimental tests of the levitated
vehicle were simulated on the computer to assess the accuracy of the
analytic model. The brocedure for modeling these tests and the reasons
for this procedure are discussed in the folloWing paragraphs before the

results of the simulations are presented.

It was necessary to provide several experimental parameters to the
model to obtain correspondence between the model and the actual tests.
The velocity of the vehicle and its position on the guideway had to be
specified at the beginning of the simulation. Later velocities and
positions were obtained by successive integrations of experimentally
measured and tape-recorded accelerations which were supplied to the
model. Irregularities in the guideway were surveyed and the results
retained in the program as a table, The current in the magnets was also
tape recorded as a function of time and could have been supplied to the
model, but since the current remained relatively constant after levita-
tion was achieved, this additional complication was avoided and the
measured current at the start of the simulation was inserted as a constant.
The mass and moments of inertia appropriate to the particular experiment
were included in the simulation. Finally, the setting of the controls
on the active damping system was included for simulations of the active

runs.

At the beginning of each simulation, the vertical position at the
location of each magnet was assigned an arbitrary value of zero. This is
equivalent to referencing the calculated heave, pitch, and roll to the
values obtained when the vehicle center of mass is at the equilibrium
height, the vehicle is oriented so that each magnet is an equal distance
from the surveyed guideway, and the only nonzero velocity is in the lon-
gitudinal direction down the guideway. Thus, pitch and roll are not

necessarily referenced to a flat horizontal plane since the guideway is
86



not flat. This procedure, at most, results in a constart difference

between the calculated and measured values of these variables.

1e experimental event

of primary interest. This permitted a more detailed comparison between
the model and the experimental data than could have been obtained if the
simulation had been started earlier. The reason for this is that small
errors in the measured velocity or acceleration can result in small but
significant errors in the position of the vehicle at later times. Simi-
larly, small errors in the computed frequency of oscillation can result

in a gignificant error in phase after a short time. Consequently, the
vehicle might be modeled as rising at the time it encountered a downward
perturbation, although, experimentally, it might have been falling. Such
a phase shift would result in a considerable difference between the cal-~
culated and measured accelerations at the perturbation although the model
provided a very good approximation. For example, the location of the
perturbation must be known within about the length of the magnets (0.3m)
to achieve exact correspondence between the experimental and analytical
results even if the model is exact. At a velocity of 10 m/s this requires
that the velocity be known within 3% for a l-second test and wiih increas-
ing accuracy for longer tests. Neither the velocity nor the acceleration

was measured with this precision.

Simulation of Standard Guideway Tests

Test 21 was simulated in the above manner. The heave motion for
this test was shown earlier in Figure 10 and the heave (center of mass)
acceleration was shown in Figure 11. The simulation of the heave data
shown in Figure 33 was begun after the vehicle was levitated, as indi-
cated in Figure 10, The experimental and calculated suspension heights
are virtually identical, and the amplitude of the largest experimentally

observed peaks are of approximately the same amplitude as those simulated,
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about 0.5 em (0.2 inch). This is a vériation of approximately 6% in the
average height of the magnets above the guideway, 8.2 cm. However, the
average amplitude of the simulated oscillations is greater than that
observed experimentally. This difference in simulated suspension height
variations corresponds to a simulated heave acceleration that is also
somewhat larger than actually observed (Figure 34). The frequency of
vertical oscillation is the same in each case, within the accuracy that
they can be determined from the graphs. Note that the differences in

scales tend to emphasize these discrepancies.

The pitch and roll data for this test were presented earlier in
Figure 15 and 16, and are simulated in Figures 35 and 36. The simu-
lations reproduce most of the specific features of the experimental

data and the amplitudes are very similar.

All of these simulations are very sensitive to both the accuracy of the
guideway survey and the precise location of the vehicle on it., Variations
in the roll and pitch angle (see page 44 for definition of angles) seldom
exceed 0,2 inch (0.5 cm). An error of one-half this amount in the surveyed
height would account for the differences in the observed and simulated
amplitudes. This precision could not be maintained in the survey over
any appreciable distance., In addition, changes in the ambient temperature
and the resulting thermal stresses in the guideway were observed to cause
slight variations in the guideway profile. Note also that any guideway
deformation due to the presence of the vehicle (i.e., vehicle-guideway

interaction) is not accounted for.

The use of actively controlled damping coils was simulated using
parameters appropriate to Tests 29, 30, and 31 with 3/8, 5/8, and 1
times critical damping, respectively. It was noted earlier that the
left rear active control circuit appeared to be generating only about
10% of the current generated in the other active controls. This failure
was observed to occur in the right rear magnet in later tests in which
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the control current was monitored in all the coils. It is assumed that
a similar failure occurred in these earlier experiments and that the
magnitude of the failure was the same. In an attempt at a more exact
simulation, this effect was modeled by specifying a damping coefficient

in the left rear control coil which was 10% of that in the other coils.

The results of the analytic model in the three actively controlled
damping tests over the standard guideway are shown in Figure 37 for the
heave motion and in Figure 38 for the heave acceleration. These can be
compared with the experimental results in Figures 17 and 18. The heave
and heave acceleration results are in good agreement with the experiments,
although the extent of the perturbation is again overemphasized-~leading
to speculation that the survey might be faulty in some regions of the
guideway. This simulation of faulty operation was required to evaluate
the validity of the model, but it is also of interest to determine how the
vehicle would have behaved if all the controls had operated properly.

To illustrate this, Test 29 was also simulated with the left rear coil
operating correctly. The effect of simulating the correct current in
each coil in Test 29 is to smooth the curves somewhat and to reduce the
accelerations correspondingly. The accelerations in the corrected simu-
lation in Test 29, where the damping of all coils was set at 3/8 of
critical, are comparable tc those of Test 30 where the damping in three
coils was set at 5/8 of critical and in the left rear coil at 10% of this

value.

The effect of correcting the control coil current on the pitch angle
motion (not shown) was similar to that calculated for the heave motion-~-
the peaks were reduced in amplitude 20% to 30%. The effect on the roll
motion, however, was quite bronounced, as shown in Figure 39 with the

data from Test 29,

Since the vertical motions over the standard guideway are greatly
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influenced in the details by the precision of the guideway survey, it
is better to compare the experiments and calculations where large known
perturbations exist. Such a comparison was made in the tests with the

symmetric vortical perturbation.

Simulation of Symmetric Vertical Step Tests

Passive damping Test 23 was simulated on the computer. The heave
position data and its computer simulation are shown in Figure 40. The
major oscillations and the phase of the oscillations at which the vertical
sensors drop off the step are accurately predicted. To@ard the end of
the simulation, a heave oscillation is simulated that did not occur in
the experiments. This is prokably caused by an error in the guideway
survey. The frequency of oscillation measured from these curves is
approximately 2.8 Hz by the simulation and 2.5 Hz from the experiments.
The amplitude of the oscillations during the perturbation is simulated
as being less than observed, but later, ovér the unperturbed guideway,

the simulated amplitude is greater than that which was observed.

The pitch simulation, Figure 41, also reproduces the major charac-
teristics of the data, but is inaccurate in the amplitudes of the
oscillétions. The same simulation was performed assuming the guideway
to be perfectly flat and is shown in Figure 42. The pitch amplitudes in
this latter simulation are in better agreement with the experimental data
than those in which the surveyed shape of the guideway was included. This
again suggests that one source of discrepancy between the experiments and

the simulation is the error in the guideway survey.

It was found that the amplitudes of the oscillations were very sensi-
tive to the initial conditions for the simulations. For example, an error
of one centimeter in equilibrium height can result in a factor of two
differences in the amplitude of pitch oscillations. Further, the ampli-~

tude of the oscillations while traversing the perturbation is influenced
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by thé modeling of the step in the gﬁideway. As discussed earlier, the
guideway was modeled to have a taper equal in length to the length of

the magnet. This assumption appears to be sufficient to reproduce the
character of the measured motion, but may not be sufficiently detailed

to reproduce, for example, the amplitude of the measured accelerations.
The heave acceleration and its simulation for Test 23, shown in Figure 43,
suggest that the acceleration when traversing the step was in fact larger
than that modeled. No variations in the modeling of the step perturba-

tion were made during the analysis.

The experimental results for Test 34, the vertical step perturba-
tion with active damping on the vehicle, were also simulated using the
computer model and the active damping model. The active damping system
was modeled as having no interaction with the passive damping coils,
although the passive coils continued to provide damping both experimentally
and in the model. It is reasonable to expect that the passive coil reacted
against the active system and reduced its effectiveness to an undetermined

extent.

Thé pitch motion from this test and its simulation are'shown in
Figure 44. As before, the left rear active control was modeled as
defective as was ascertained after the experiments. The simulation is
very good, both in the characteristic motions and in the amplitudes. As
discussed above, the reference values for the measured and calculated

values of pitch differ by a constant.

Measured and calculated heave motioﬁs are shown in Figure 45 for
Test 34. The calculated increase in height is a result of the method
used for setting the cufrent in the magneté for computational purposes
and is of no significance. The experimentally determined heavé motion
is slightly more pronounced than that calculated while passing over the

perturbation,and is less perturbed than that calculated further down the
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guideway. The calculated increase in suspension height is caused by a
slightly high acceleration input to the model. A comparison of the
measured and modeled roll motion is shown in Figure 46 and is in good

agreement in all respects.

These simulated motions are in good agreement with the experimental
data, considering the accuracy with which the data were known and the
small effort devoted to the simulations. A more detailed analysis

would have been profitable,

Lateral Motion Tests

Heave, pitch, and roll motions of the levitated vehicle on the
standard guideway were discussed earlier in this chapter. The other
motions of the vehicle measured in these tests were slip and yaw,
These lateral motions were of particular interest in that the active
and passive damping systems were specifically designed to produce
damping of the vertical motions, Any damping in the lateral direction

was incidental.

The‘approach throughout this program has been to achieve a funda-
mental understanding of the behavior of magnetically levitated vehicles.
If the damping in one mode is thoroughly understood, the same principles
can be applied to other modes. This has led to a concentration of ef-

forts on the vertical oscillations,

Although damping effects have not been calculated in the lateral
direction, the guidance force has been studied theoretically and experi-
mentally and can be well approximated at all velocities and lateral
distances. These forces arise from the interaction of the real magnet

and its mirror image in the vertical plates of the guideway. Since
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equai but oppositely directed forces are generated on each side of the
vehicle in equilibrium, no net force is exerted on the vehicle when it
is centered in the guideway. Any deviation of the vehicle from equili-
brium results in a force restoring the vehicle to its equilibrium posi-
tion, Even though the net force on the vehicle is zero, the force on
each of the magnets can be appreciable and always exceeds the net

guidance force,

Similarly, the damping force in the lateral direction depends on
the interaction of the damping coil (active or passive) with the image
of the suspension magnet. Currents can be induced in the passive damping
coil by any motion of the vehicle in the lateral direction just as they
are induced in the vertical direction, The damping force produced by
the induced currents will be in such a direction as to oppose the motion,
and the forces in each of the passive coils will act cooperatively to

dampen lateral motions.

Lateral motions were observed in all the tests performed, but for
completeness data will be presented on the same tests used in discussing

the vertical motions in the standard guideway.

Lateral slip and yaw motion during Test 21 are shown in Figure 47.
Similar data for Test 16 are shown in Figure 48. As was the case in
the vertical motions, the perturbations in these tests can be identified
with irregularities in the guideway in the lateral direction. Corresponding
data for the active Tests 29, 30, and 31 could not be obtained since one
of the lateral sensors was damaged in the asymmetric step test immedi-

ately preceding these runs.

The best comparisoﬁ of these data is again afforded by PSD analyses.
Figures 49 through 53 show the PSD generated in these tests. By com-
paring Figures 49 and 50 with Figures 12 and 13, it can be seen that the
lateral PSD's are lower by 5-6 dB than the vertical PSD's for these

passive tests,
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Figures 51 through 53 show that the active damping controls reduced
the lateral accelerations slightly and resulted in vertical and lateral
PSDs of about the same magnitude ( see Figures 19 through 21 ). The
comparisons cannot be made in great detail since the errors in calibrat-

ing the accelerometers are squared in calculating the PSDs.
The characteristics of these tests are summarized in Table 3.
Table 3

LATERAL CHARACTERISTICS OF TESTS OVER STANDARD GUIDEWAY

Experiment Damping v(m/s) I(A) P§g25ﬁ§§ Frggﬁgncy
16 NA 9,5 '87-91 1.0 x 1074 1.48
21 NA 8.8 85 5.0 x 10 ° 2.19
29 £ CD 13.5 ~ 100 4,0 x 107° 3.66
30 £ cp 10.4 ~ 100 2.0 x 10 ® 2.42
31 CD 12,2 ~ 100 3.2 x 10™° 3.40

lL.ateral Step Tests

In the previous symmetric vertical tests, a large perturbation was
used to excite particular vehicle motions in order to study the
growth of any instabilities that might develop. Similarly, the objec-
tive of the lateral tests was to excite only lateral oscillations that
could develop into instabilities in yaw and slip motions. The method
used for achieving lateral oscillations was to levitate the vehicle while
offset from the center of the guideway and allow the vehiéle to return
to the center of the guideway through lateral guidance forces. This

lateral test was accomplished by forecing the vehicle to the left side
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of the track for a distance of 14.6 m (48 feet) by using a 3/4-inch
wooden offset on the right side. After the vehicle levitated, it passed
the offset and yawed to the right with the right front lateral sensor
ing s nuous jump, as shown in the yaw motion, after point
A of Figure 54. The right rear lateral sensor then passed the offset
with a discontinuous jump. A short time later the rear magnets cleared
the offset (point B of Figure 54) and resulted in a yaw to the left

as the guidance forces centered the rear of the vehicle, This pertur-

bation only excited a yaw motion in the vehicle and thus provided a

test for both the growth of instabilities and mode coupling.

Two passive lateral tests were made (Nos. 39 and 40) with the
active coils and active controls on-board. This required considerably
more current in the 1lift magnets than used in the earlier passive tests
since the weight was increased and a greater suspension height was nec-
essary to provide clearance with the active coils installed. The current
was further increased during Test 40 to emphasize the lateral guidance
forces{ The appropriate parameters in the region.of the perturbation

for these tests are listed below,

v sec

Test zo(cm) o(m/ ) I(a)
39 9.6 7.6 110
40 10.0 6.4 118

The heave, pitch, and roll motions for Test 39 are shown in Figures
55, 56, and 57, The heave motion is similar to that of the earlier
passive standard guideway tests. The pitch and roll motions indicate
the usual track perturbations, with the exception of an unexplained

step during deceleration of the vehicle,

Figure 54 shows the yaw motion for Tests 39 and 40, including the

lateral step. The latter part of Test No. 24 over the standard guideway
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is shown for comparison (I = 95A, v, = 8.3 m/sec, z, = 9.0 ¢m). For
these tests the shock-mounted side bumpers, normally used to protect the
dewars from rubbing the guideway, were pulled back to a point where the
dewars could actually contact the sides of the guideway. This contact
did not occur, as evidenced by the absence of any lateral acceleration
spikes (e.g.Figure 59) indicating a sufficient guidance force. On

both lateral tests the yaw motion displays an oscillation after the

lateral perturbation.

The frequencies of the yaw oscillations were 1.4 Hz and 1.27 Hz
for Test 39 and 40, respectively. The track perturbations, indicated
by the arrows in Figure 54, are quite close to this frequency (1.24 Hz
and 1.05 Hz, respectively), suggesting that this might be the source
of the oscillation. This is further supported by the fact that both
tests have almost identical features for yaw. It should be noted that
if the lateral track perturbations are not symmetric, the sensors can
give an artificial yaw and slip motion, even when the vehicle is not
oscillating. The magnitudes of the yaw oscillations in these tests are
comparable to those of Test 24, Following the lateral perturbations, the
oscillafions die out in less than two cycles, indicating that even
when the vehicle is driven both with a lateral offset, and periodic

perturbations, no instability developed.

Figure 58 shows the slip (lateral) motion for Tests 39 and 40 com-
pared to Test 24, There is no appreciable difference except for a right
slip on Tests 39 and 40 in the 12.2 m (40 ft) region where a 7 cm alum-
inum plate has been added to the height of the left sidewall of the
guideway . For the higher current test (Test 40), the right slip is more
pronounced. This feature was not distinguishable in the data for the
active tests with currents on the order of that for Test 39. Figure 59
shows the heave acceleration and lateral acceleration for Test 39. The
data are insufficient to determine any appreciable effects resulting

from the lateral offset and the lateral track perturbations. Other tests
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indicated a direct correspondence between lateral perturbations and

lateral accelerations, but this feature was not apparent in the data.

No simulations were performed for these tests becaﬁse the lateral
guidance damping forces have not been modeled and incdrporated into
the computer program. It would be of great interest to investigate
such forces in conjunction with a lateral track survey (obtained from
the track profile) and changes in the height of the guidance plates.
It may then be possible to simulate the observed right slip motion dis-

cussed earlier,

In conclusion, the lateral step perturbation stimulated yaw and
slip in the vehicle's motion. No jnstabilities developed, and only a

possible yaw motion from the lateral track perturbations was observed.,

Asymmetric Step Tests

The objective in performing these tests was to investigate the
stability of the magnetically levitated test vehicle after a perturba-
tion that resulted in an extreme attitude and stimulated multiple modes
of oscillation. These were the most severe tests to which the vehicle
was subjected. The criterion used in assessing the stability of the
vehicle was the damping of oscillations. If oscillations in any mode
increased in amplitude as a function of time after the perturbation, the
vehicle would be judged to be unstable. Such an instability could
arise from either inadequate damping or coupling of the energy from one

mode into another.

These tests were performed by levitating the vehicle over two 6.1 m
(20 feet) aluminum plates placed end to end on one side of the standard
guideway. These were the same plates used in the symmetric step tests
and were identical to those used in constructing the guideway. When the

vehicle dropped off the step, motion was observed in five of the six possible
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degrees of freedom, The last degree of freedom--longitudinal motion--
was also noted to be affected by the perturbation (as monitored by
the longitudinal accelerometer), but these data were not sufficient

for analysis,

A total of three passive (Nos. 26, 27, and 28) and two active
(Nos. 37 and 38) asymmetric step tests were conducted. The two active
tests were performed with 1/4/2 critical damping settings on the active

damping controls,

At no time, in any of these five runs, did a growth of oscillation
amplitude occur in any of the five degrees of freedom measured. No
oscillation in any test, either active or passive, with an amplitude

larger than the track perturbations, persisted for more than 1—% cycles.

The high degree of stability of the vehicle and the comparative
effects of active and passive damping on this stability can be seen in
Figures 60 through 65. Figure 60 compares the heave motion of Tests
27 (passive) and 37 (active). After the rear magnets dropped off the
perturbation at point D, the vehicle's heave motion was damped in
1-1/2 cycles using passive damping and in less than one cycle using
active damping. It was in this series of actively damped tests that

the defect in the right rear active damping control was discovered.

The pitch motions for these same tests are shown in Figure 61,
As in earlier tests over the symmetric step, the amplitudes of the
pitch oscillations are comparable in the actively and passively damped
tests., No instability was noted in either test. The observed heave
and pitch frequencies ahd damping time constants are comparable

to those observed in the symmetric step tests.

Roll motions are shown in Figure 62 for these experiments. A

complication occurred in the passive tests that had an effect on the
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roll motion and perhaps affected the details'of some of the other
motions. The roll of the vehicle permitted the right rear lateral
position sensor to come out of the guideway. Being Spring-loaded;

the sensor extended above the vertical plate on the right side of. the
guideway where it held that side artificially"high for a distance of
about 10 m before the vehicle dropped back into the guideway. This
unintentional perturbation might have contributed to the large roll
oscillation in the passive tests. This difficulty did not arise in
the active Tests 37 and 38, The frequency of roll oscillation and the
damping time for this roll mode were determined from these hindered

data.

Figure 63 shows the slip motion for the same tests. A brief slip
oscillation is noted in the passive test with a frequency of 2.3 Hz,
It is intergsting that the same oscillation did not occur in the actively
controlled damping test although active control was provided only in
the vertical direction. It was noted in an earlier section that bum-
pers were provided in the lateral direction to avoid the possibility
of damage to the dewars, The oscillations shown in this figure are

well within the limits placed on the lateral motions by these bumpers.

Yaw motions occurring in these same two tests are shown in Figure
64 and indicate very similar motions in both the actively and passively
damped tests., Heave accelerations are shown in Figure 65 and are typi-
cal of the results found in the symmetric step tests, with the actively
controlled damping tests being quieter. The parameters obtained from
these tests are summarized in Table 4, These frequencies and time
constants are obtained over at most, two cycles and should only be

considergd as estimates.
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Table 4

PARAMETERS ASSOCIATED WITH ASYMMETRIC STEP TESTS

+% * * £f T | f T £ T
ZO v0 I pitch pitch heave heave roll roll
Run # Active Damp. Set (cm) (m/sec) A) (Hz) (sec) (Hz) (sec) (Hz) (sec)
26 None~passive 9.2 11.7 95 3.5(?) NA 2.2 0.73 2.3 0.32
27 None~passive 9.8 13.5 96 3.2(?) NA 2.1 0.55 2.4 0.39
28 None~passive 9.4 9.5 96 3.3(?) NA 2.1 < 0.5 2.1 < 0.47
37 70.7% C.D. 9.7 14.3 104 2.10%+ No oscillation NA < 0.38 2.3 ++ NA
38 70.7% C.D. 9.0 7.1 104 1.10++ No oscillation NA < 0.29 1.2 ++ NA

+ 3. f 26-2
z = Az + (5.9 cm for Runs 8 where Az 1is the actual levitation height of the vehicle.
o o 18.2 cm for Runs 37,38} o)
%k

Measured in region immediately after point D of Figure 60.

JrJrFrequency caused by track perturbations at 20 foot intervals; I = 20 ft‘/vo.



Simulation of Asymmetric Step Tests

The asymmetric step tests were performed by placing two additional
aluminum plates on one side of the guideway. To avoid damage to the
vertical sensors, plywoo
placed on both sides of the guideway preceding the additional aluminum
plates. This asymmetry in the height of the surfaces on which the
vertical sensors rolled leads to apparent motions in the data that do
not occur in the vehicle, When the left side vertical sensors drop
off the plywood, the sensors indicate an increase in suspension height

on that side and give a false indication of heave and roll.

The plywood sheets were not simulated in passive Test 26, leading
to a simulation of the left side of the vehicle being higher than the
right by 3/4 inches., This caused an indication of a roll to the right
when in fact the vehicle was level, as shown in Figure 66. This figure
also shows that the vehicle caught on the side of the guideway as dis-
cussed earlier and did not drop back to the level position immediately
upon traversing the downward step on the right side of the guideway.

A simulation of this event was not attempted; the computed curve assumes
the correct experimental behavior., The basic characteristics of the
curves are similar, except the roll damping in the experiments is greater
than that calculated. The simulation, in this case, did not include

the track perturbations so the simulated decay of the roll motion could
be seen more clearly. The calculated frequency of roll oscillation,
about 3.2-3.3 Hz, is considerably higher than the observed frequency of

about 2.5 Hz. The slight differences in the scales should be noted.

The heave motion and vertical accelerations of this test and the
simulations of them are in reasonable accord as shown in Figures 67 and

68,
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The same experiment was performed using active damping in two tests
as discussed in the preceding section. Test 37 with 70,7% of critical
damping was simulated on the computer. Sensor P6, the.left rear verti-
cal sensor was found to be defective so the pitch and roll motions were
determined from the right side and front sensors respectively. This
procedure contributes no error in pitch and roll, but introduces a
slight error in reconstructing the heave motion using only one rear
sensor. The heave motion was taken to be the sum of the front vertical
sensor outputs plus twice the right rear vertical sensor output. To

permit direct comparison, this same function was simulated.

The roll motion and its simulation are shown in Figure 69, As
expected, the simulated roll falls toward zero faster than the experi-
mental roll because the sensor caught on the guideway during the test.

Other than this discrepancy, there is little difference in the two

curves.,

The measured and simulated pltech and heave motions are shown in
Figures 70 and 71 respectively. It should be noted that the scales
for the simulated and experimental curves differ slightly. The pitch
motion appears to have more structure than that simulated in the early
portions of the run., This suggests that one of the sensors might have

bound momentarily before releasing and following the guideway.

The analogous curves for the heave motion are shown in Figure 71,
The vertical motion of the vehicle following the asymmetric step is
overemphasized and the heave position incorrectly increases rather than
decreasing as observed. These discrepancies seem to arise from an error
in the digitized accelerations, probably a dc offset. The exact source

and nature of this problem has not been identified.
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Mode Coupling Investigation

One of the concerns in establishing the stability of a MAGLEV
vehicle is the coupling of energy from one mode of 6scillation to
another. The energy transferred into a particular mode, together with
energy already residing in that mode, may be too great for the available

damping -~ leading to an unstable oscillation,

Many forms of mode coupling exist in this type of suspension and
guidance system. Experimentally, none of these resulted in unstable
oscillations. Some of the more prominent forms of coupling, neglecting

aerodynamic effects, are discussed in the following paragraphs.

It is well established that in both the vertical and lateral direc-
tions the repulsive force and the associated drag force increases as
the distance between the magnet and the guideway decreases. This is
true whether the magnets are powered by a constant current source or
are short circuited to operate in the persistent current mode. In the
latter case, however, the force-distance curve varies more rapidly since

the magnet current increases as the separation distance decreases.

Consider first the simple case of yaw induced by roll. If the
vehicle is centered in the guideway but rolls, an increased drag force
is experienced by the magnets on the side with the smaller clearance,
leading to unbalanced drag forces on each side of the vehicle and a
yaw motion., A slip motion similarly results in an increased drag force
caused by the increased guidance interaction on one side and a decreésed
interaction on the other side of the vehicle., Thus, siip and yaw and
roll and yaw are coupled via the drag force. The drag force decreases

at high velocity and the severity of this coupling should be decreased.

This coupling is expected to be maximized at the drag peak.
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Similarly, heave motions are coupled to the longitudinal accelera-
tion via the dtag,igr@ei _Any oscillatory change in suspension height
results in‘aﬁ:$§ci11atory drag force and, under a constant propulsive
force, will result in an oscillatory longitudinal acceleration. Since
the magnets, and therefore the drag force, are below the center of mass
of the vehicle, this drag force can result in a pitch oscillation as
well., 1In the vehicle tested in this program, this coupling is expected
to be small since the magnets are only a short distance below the

center of mass.

Summarizing the drag force couplings, roll and slip are coupled
into yaw, and heave and pitch are both coupled into the longitudinal
acceleration. It is of course important to note that the fact that a
coupling exists is not sufficient to cause an instability if damping

is present. It is only when the coupling is excessively strong that

an instability might occur.

Another source of mode coupling is the magnetic image that results
from the reflection of the guidance and 1lift images through their planes
of symmetry. This image is located on a straight line connecting the
image and the real magnet and passing through the intersection of the
vertical and horizontal plates of the guideway., Unlike the lift and
guidance interactions, this image results in an attractive force. This
interaction is greatest when the vehicle magnet is close to the corner
of the guideway and results in a reduction in both the 1ift and guidance

forces. The interaction with this image is sometimes referred to as the

side~bottom interaction.

The side~bottom interaction can cause the vehicle to loose 1lift
on one side in an extreme slip configuration, leading to a roll and
a decrease in suspension height. It could also lead to a coupling of

pitch into yaw if the drag varies in this location, and possibly to a
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slip instability if the lateral force decreased sufficiently. This

interaction was discussed in our first reportf¥ but has not been explored
in detail. In all the tests to date; this interaction has not played a
major role. Its effect on larger vehicles with other magnet configura-

tions should be explored.

The non-linearity of the forces with the vertical height can also
lead to a coupling of modes of oscillation. If the vehicle rolls or
pitches, two magnets move closer and two move farther from the con-
ducting surface. Assuming the vehicle to be rigid and rotating about
the center of mass, the upward and downward displacements are equal.
The forces, however, do not vary linearly so the increase in force on
the lower magnets is greater than the decreases in force on the higher
magnets. This increase in net force in the vertical direction must be

accompanied by a change in vertical acceleration and position,

The major purpose in this program was to search for the growth
of instabilities in a MAGLEV vehicle. While the tests reported herein
did not exhibit any growth of instabilities, it is of particular interest
to examine these tests for coupling that might cause an instability to
develop. 1In order to examine this possibility experimentally, it is
desirable to examine tests in which only one mode is excited and search
for coupling into different modes. This ideal type of experiment was
not performed since it was decided at the outset that a direct search
for instabilities was more important than detailed tests of mode coupling.
The experiments were therefore desighed primarily to test stability.

In the actual tests, not less than two modes were sfimulated.
Consequently, the vertical step tests which excited only pitch and heave
motions, and the lateral step tests, which excited only slip and yaw
motions were examined for mode coupling. Both the active and passive
tests were examined for mode couplihg brought about by passive and

active damping. The following possible modes were examined for coupling
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in the vertical step tests for both passive and active damping:

1) Heave coupled into slip, roll, magnet current and longitudinal
acceleration, 2) Vertical acceleration coupled into lateral acceleration,
and 3) pitch coupled into‘yaw and roll, TFor the passive lateral step
tests the following modes were examined for coupling: 1) 8lip coupled
into heave, roll, and magnet current, and 2) yaw coupled into roll

and pitch.

The data were photographed onto transparencies for direct point by
point comparison., Test Nos. 24 and 36 were used primarily for the pas-
sive and active vertical step cases, and Test No. 39 was used for the
lateral step case. In general the experimental results showed that
track irregularities were reflected in all motions. There was a definite
coupling between the heave and longitudinal acceleration, and the heave
and magnet current. The active tests indicated less coupling than the
passive tests as would be expected. More specifically, the track pertur-
bations gave an apparent coupling into many modes, mainly because the
1aterai and vertical perturbations are concurrent. The current in the
magnets increased about 5% upon full levitation for both the active and
passive tests, which indicates a coupling between heave and magnet current.
The active tests indicated no other coupling distinguishable from the

track perturbations.

The passive tests showed a direct coupling bewteen longitudinal
acceleration and magnet current in the region of the step perturbation,
with an oscillation frequency on the order of the heave frequency. A
very slight indication of coupling from roll to heave and roll to pitch

also existed in the region of the step perturbations,

A roll motion occurred near the end of Test 39, probably caused by

a track perturbation. No corresponding motions were observed in either
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the Slip or heave motions, A slight coupling of roll and yaw was noted
in this portion of the test. Another slight coupling was noted between
yaw and pitch in the vicinity of the lateral offset in Test 39, All

other features were correlated with track perturbations.

In conclusion the experimental results showed track irregularities
were reflected in all motions. There was a definite coupling between
the heave and longitudinal acceleration and heavé and magnet current.
Subtle coupling of other modes may not have been detected because of
the track perturbations. At no time, in any of the tests, did the
coupling show any growth that led to an instability. In every case

observable coupling decayed in a few cycles.
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VI CONCLUS IONS

A study was made of the motion of a small-scale, magnetically levi-
tated test vehicle which traversed several types of guideway perturba-
tions. Some of these perturbations were as great as 25% of the equil-
ibrium suspension height of the vehicle and stimulated all possible modes
of oscillation. In every case, the vehicle's motion waiu found to be

stable with either active or passive damping.

Although the results were not extrapolated to a full-size vehicle,
no reason was found to expect that a full-scale vehicle would experience
an instability under the circumstances investigated. This study did not
include aerodynamic effects that will be of much greater importance at

expected operational speeds of 500 kmph.

It was found experimentally that the use of active damping to reduce
vertical accelerations resulted in a similar reduction in lateral accelera-
tions. This suggests a strong coupling between the damping coil and both

the horizontal and vertical guideway plates.

The vertical motion of the vehicle measured in these tests was simu-
lated with an analytic model initiated in the previous phases of this
program and extended in the present phase. The simulations were in very
good agreement in the case of actively controlled damping, but were some-
what less satisfactory in simulating passively damped tests. An analysis

of this discrepancy was not made.

The use of active damping coils with currents proportional to the
absolute vertical velocity of the vehicle resulted in a significant
improvement in ride quality over that obtained with passive damping

coils. Specifically, the peak from the heave motion in the power
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spectral density of vertical acceleration was found to be a factor of

ten lower for active damping than for passive damping.
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VII RECOMMENDATIONS

The experimental and analytical results presented in this report
show that the test vehicle developed no unstable motions in any of the
five degrees of freedom measured using either passive or active damping.
They also show that the damping and ride quality were improved by using
active damping coils. The work performed in this task constitutes
a survey rather than an in depth study of the stability and damping of
MAGLEV vehicles. While the results and conclusions are accurate as
expressed in this report, they are susceptible to misinterpretation if

applied to other vehicles.

Our recommendations apply to both the experimental and analytical
work on MAGLEV. A strong interaction between these two categories is

essential, and it is recommended that they be performed concurrently.

The passive damping system provided stability to the vehicle motions,
both experimentally and analytically, but more damping was observed than
was calculated. The source of this discrepancy should be identified and
corrected to provide greater confidence in extrapélations to other
vehicles. DMore detailed experiments should be performed to assess the
damping in the lateral direction, especially in the yaw mode where
stability might be marginal. After the discrepancy in the passive
vertical damping is clarified and corrected, this formulation of the
passive damping should be adapted to the lateral direction and included

in the analytical model.

The experiments and analyses showed that the ride quality could be
improved by the use of active damping. However, only absolute velocity
feedback was used for controlling the active currents and was not optimiz-
ed., Absolute acceleration and position feedback as well as feedback of
position and velocity relative to the guideway and combinations of

these feedback variables should be explored, first analytically and then
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experimentally. These parameters ‘are of great economic significance
since they determine the tolerances that must be maintained in the

guideway and therefore affect both construction and maintenance costs.

The active damping experiments that were performed were difficult
to interpret since, with one exception, the controls were set close to
critical damping and no appreciable oscillations occured. These settings
should be made to achieve less damping where analyzable oscillations occur
and systematically varied to investigate the ride quality of the vehicle
over a range of feedback Variablés and for various combinations of
feedback parameters. To obtain the greatest precision from these
measurements, the guideway should be carefully aligned to remove
irregularities over a distance corresponding to at least two oscillations,
i.,e, about 12 m, before and after the perturbation to permit equilibrium
to be established.

The interaction of the active and passive damping systems should

be analyzed and incorporated into the analytic model.

A parameter of considerable significance is the variation of the
damping time with suspension height. To achieve a significantly greater
height, stronger magnets must be used and the height of the sidewalls

must be increased,

The analytic model should be modified to include the side-bottom
image of the suspension magnet since this interaction accounts for some
of the coupling between the vertical and lateral motions. A correlation
should be made between the guideway roughness parameter and a determinis-
tic specification of roughness so that simulations of typical revenue
guideways can be made. In addition, the option of converting the output
of the analytical model to PSD form should be included.
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The interaction between the dynamics of the guideway and the
vehicle should also be investigated. The analytic model should be

modified to incorporate the effects of dynamic motions of the guideway

and to determine the effect of this motion on ride quality. This
modification is particularly important in that it can be used to determine
specifications of guideway support structures. This modeling should be
checked and confirmed on the existing guideway by direct experimentation
in which a range of guideway flexibilities and spans between supports
are examined.

It is recommended that guideway curves be included in the analytic
model and that the effects of curves be simulated with the experimental

facilities. Aerodynamic forces should be included in the model in

anticipation of simulation requirements that will arise in the future.

With the above experiments providing confidence in the modifications
to the analytic model, extrapolations should be made to a variety of full
scale vehicles to determine their characteristics and to determine where
any improvements might be required. The analysis should then be extended
to assess the dynamic motion and acceptability of an on-board linear
induction motor and the effects of operating in multiple vehicle train

units.

It is strongly recommended that each of these studies be performed
in depth to avoid costly design or experimental errors in the future.
To provide timely inputs to later phases of the FRA MAGLEV program, it
.is recommended that such a program be initiated immediately and be
completed by June, 1976, If the results of the recommended program are
available by this date, they can be used in designing the MAGLEV research
vehicle and guideway that are to be evaluated at the High Speed Ground

Test Center in Pueblo, Colorado.
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Appendix A

VEHICLE MOTIONS AND INSTRUMENTATION
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