. PB 295786

REPORT NO. DOT-TSC-RSPA-79-10

INVESTIGATION OF THE DYNAMICS
OF AMAGLEV VEHICLE TRAVERSING
A FLEXIBLE GUIDEWAY: THEORY

AND EXPERIMENT

Roger M. Katz
THE MITRE CORPORATION
1820 Dolly Madison Blvd.
McLean VA 22102

APRIL 1979
FINAL REPORT

OOCUMENT IS AVAILABLE TO THE PUBLIC
THROUGH THE NATIONAL TECHNICAL
INFORMATION SERVICE, SPRINGFIELD,
VIRGINIA 22161

REPRODUCED BY

NATIONAL TECHNICAL
INFORMATION SERVICE

DEPARTMENT OF COMMERCE
IL&SPIIWIEI.D. YA 22181

Prepared for

U.S. DEPARTMENT OF TRANSPORTATION

RESEARCH AND SPECIAL PROGRAMS ADMINISTRATION
Office of Transportation Programs Bureau
Washington DC 20590



NOTICE

This document is disseminated under the sponsorship
of the Department of Transportation in the interest
of information exchange. The United States Govern-

ment assumes no liability for its contents or use
thereof.

NOTICE

The United States Government does not endorse pro-
ducts or manufacturers. Trade or manufacturers'
names appear herein solely because they are con-
sidered essential to the object of this report.




Techaical Report Decn;mnmioo Page

1. Repert No. 2. Government Accession Ne.

DOT-TSC-RSPA~-79-10

3. Recipient's Cotalog MNo.

PRO95786

4. Title and Subtitle
INVESTIGATION OF THE DYNAMICS OF A MAGLEV VEHICLE

S. Report Date
APRIL 1979

.

TRAVERSING A FLEXIBLE GUIDEWAY: THEORY AND EXPERIMENT

6. Parforming Organization Code

7. Author’s)
Roger M. Katz

8. Performing Orgonization Report No.

DOT-TSC-RSPA-79-10

9. Performing Orgonization Nome and Address

The MITRE Corporation*
1820 Dolly Madision Blvd.
McLean VA 22102

10. Work Unit No. {TRAIS)
RS906/R9505

11. Contract or Grant No.

DOT-TSC-1263

12. Sponsoring Agency Nome and Address
U.S. Department of Transportation
Research and Special Programs Administration
Office of Transportation Programs Bureau

13. Type of Report and Period Covered
Final Report
\July 1976 - June 1978

Washington DC 20590

14. Sponsoring Agency Code
DOT/TSC

15. Supplementary Notes U.S. Department of Transportation

*Under contract to:
¢ Transportation Systems Center

Cambridge MA 02142

Research and Special Programs Administration

16. Abstroct

of Germany Ministry for Research and Technology.
in thé FRG was carried out at Transrapid-EMS in Munich

track in Manching, Germany.

speeds up to 324 KM/HR.

to the experimental results.

supports from the test track in order to make it more flexible.
predictions of the dynamic motions from a MITRE computer program are compared

This report presents the results of a research program conducted jointly
by the United States Department of Transportation and the Federal Republic
The object of this program
was to study the dynamics of a maglev vehicle traversing a flexible guideway.
Work in the U.S. was carried out at MITRE/Metrek in McLean, Virginia; work

.

Two types of experiments were conducted using the full-scale KOMET test
In the first, sinusoidal guideway deviations

were deliberately introduced, and the KOMET vehicle was run over these at various
The second type of test involved removing pier

Theoretical

17. Key Words

High Speed Ground Transportation,
Maglev, Magnetic Suspension
Vehicle/Guideway Dynamics

18. Diswibution Stetement

DOCUMENT IS AVAILABLE TO THE PUBLIC
THROUGH THE NATIONAL TECHNICAL
INFORMATION SERVICE, SPRINGFIELD,
VIRGINIA 22161

19. Security Classif, (of this repert) 20. Secvrity Clessif. (of this pege)

Unclassified Unclassified

2). No. of Peges | 22, Price

/130 m%: Aol

Form DOT F 1700.7 -7

Reproduction of completed pege outhorized







PREFACE

On June 12, 1973, after preliminary negotiations by the Federal
Railroad Administration (FRA) and the Office of the Secretary (0ST)
with the German Ministry of Research and Technology (MORT) and the
German Ministry of Transport (MOT), DOT Secretary Brinegar signed an
agreement providing for cooperation between the U.S. and Federal
Republic of Germany in the area of advanced systems technology, and
in particular, magnetic levitation (MAGLEV) . A working group meeting
was held between U.S. and German principals from FRA, 0ST, MORT, and
MITRE on October 28 and 29, 1975, for the purpose of identifying
specific project areas for cooperation. An agreement was initiated
for a joint vehicle/guideway test program, the purpose of which is to
validate U.S. (FRA/MITRE) developed MAGLEV/guideway simulations and
to use these simulations to determine guideway roughness and flexi-
bility limits for an attraction MAGLEV system. The tests, using the
German KOMET vehicle and test facilities at Manching, were conducted
in October 1976. This report deals with the results of those tests.

By mutual agreement with FRA, the initiative for Non-Contact
Suspension/Propulsion Technology resides with the Transportation
Advanced Research Projects (TARP) program, which is currently being
conducted by the Research and Special Projects Administration (RSPA).

Several individuals made significant contributions to this work.
Mr. John Anderes participated in the design of the test plan, execu-
tion of the experiments, coordination of data transfer, calculation
of guideway deflections, and development of a coupled vehicle/guideway
model. 1In addition, he provided helpful comments concerning guideway
dynamics and design. Mr. Alan Robbins was extremely helpful in opti-
mizing both staff and computer execution time with original and
efficient approaches towards narrowly targeted computer programming
problems.
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1. INTRODUCTION

The object of this research project was to study the dynamics of
a magnetically levitated (maglev) vehicle traversing a flexible guide-
way. Guldeways of increased flexibility are of interest because of
thelr potential to reduce guideway construction costs, and understanding
the nature of the vehicle/guideway dynamics is necessary to evaluate

the limitations on tracking ability they impose.

Experimental verification of the analytical models used to simulate
a maglev vehicle and guideway was obtained by use of data from the
KOMET, a maglev test carrier at the LHP facility in Manching, FRG.
This facility is operated by the Transrapid-EMS group in the Federal
Republic of Germany (FRG).

The mechanically simple guideway structure for the KOMET, con-
sisting of iron beams (of an inverted-T cross section) supported by
iron pilers, allowed structural modifications to be made relatively
easily. Two types of guideway modifications were made: 1) the intro-
duction of a rigid, sinusoidal disturbance by means of adjustment of
the support height at the piers, and 2) an increase in the guideway
flexibility by removing the support at some of the piers. Both the
vehicle and guideway were instrumented to provide data for vehicle

motion and guideway deflection.

Section 2 of this report discusses the experimental procedure.
Section 3 describes the control system strategy used on the KOMET.
Section 4 discusses the response to the sinusoidal guideway, including
examples of comparisons of theoretical and experimental time histories.
Section 5 presents the results for the flexible guideway. Section 6

describes a general parameter study to identify the range for system



parameters which are likely to present vehicle guideway interactionms.
This generalizes the results beyond the limitations of the specific
control scheme and guideway used for the tests. Section 7 gives a

summary and recommendations for future work.



2, EXPERIMENTAL PROCEDURE

The KOMET is an unmanned, magnetically levitated test carrier
developed by Transrapid-EMS. It is accelerated to the desired test
speed by a hot water rocket pusher, the DANIEL. At the end of this
acceleration the pusher falls behind allowing the KOMET to coast alone
through a 48 meter long test section. Braking is initiated by a trip
wire, and the KOMET decelerates on the remaining length of track.
The LHP guideway is depicted in Figure 1. The guideway cross section
is shown in Figure la, the acceleration, coasting and braking sectiomns
are shown in Figure 1b. Four sections, identified as sections # 43
through 46, were modified for this experiment. Two types of modifica-
tions were involved, 1) the introduction of a rigid, sinusoidal dis-
turbance, and 2) an increase in the beam flexibility. Beams on both
sides of the guideway in each section were modified in order to avoid

roll excitation to the KOMET.

The LHP test facility was not originally designed with such
studies in mind, and the achievable modifications were somewhat con-
strained. The MITRE Corporation and Transrapid-EMS jointly worked

on the details of a test plan for this experiment.

2.1 Sinusoidal Guideway Modifications

Figure 2a depicts the sinusoidal modifications made to the guide-
way. Four 12 m beams (sections #43 through #46) on each side of the
guideway were adjusted at the piler supports to approximate a rigid
sinusoidal disturbance with a 12 m wavelength and 2 mm amplitude.

The adjustments were made at the bolts attaching the beam support arm

to the pier. The location of these bolts is indicated in Figure la.

2.2 Flexible Guideway Modifications

Piers for the beams on each side of the guideway in sections #43
through #46 were effectively removed to increase the guideway flexi-

bility. This was accomplished by removing the beam support arm
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attaching bolts, allowing freedom in the vertical direction. This
provided a two span flexible beam, 12 m long, depicted in Figure 2b.
Although the pilers were not physically removed, they are not shown

in the figure.

2.3 Cuideway Instrumentation

The 3rd and 4th beams in the test section were instrumented to
measure the vertical guideway deflections, as illustrated in Figure
2b. Ten displacement sensors, spaced approximately 1.5 m apart, were
used to measure the vertical guideway deflections as the KOMET traversed
the guideway. The displacement sensor fixture is depicted in Figure

la.

2.4 Instrumentation on the KOMET

The KOMET 1s depicted in Figure 3. Note the locations of the
vertical gap sensors and accelerometers at the front and rear of the
vehicle, and the five magnets along each side used for 1lift. These
sensors and magnets are used to control the heave and pitch modes of

the KOMET, which are cthe only motions of interest for this experiment.

In addition, three vertical gap sensors and a slot detector, not
shown in the figure, were onboard. These gap sensors were used only

for data acquisition, not for the control system. They were placed

at the vehicle center of gravity as well as 3.7 m in front and 3.6 m
behind it.

The slot detector, placed 2.5 m aft of the vehicle C.G., detected
passage across guideway piers. This provided a vehicle/guideway
synchronization signal for the purpose of locating the vehicle position

as it traversed the guideway.
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MITRE was not originally aware that separate gap sensors were
used for data acquisition, and had assumed that the front and rear
gap sensor data obtained from Transrapid-EMS came from the control
system gap sensors (located 3.8l m fore and aft of the vehicle C.G.)
at the time of our analysis. Hence calculated gaps at + 3.81 m from
the vehicle C.G. are compared with measured gaps 3.7 m in front and

3.6 m behind the C.G. throughout this report.

In addition, the location of the slot detector was not correctly
known by MITRE at the time of analysis, and it was assumed to be 2.31 m
aft of the C.G., rather than 2.5 m. Hence the synchronization between
calculated and measured time histories presented in this report are
slightly in error (no more than 2 ms). The calculations should

actually be advanced in time slightly from those presented.

These corrections do not materially affect the results presented.

herein.

2.5 Tests Conducted/Data Collected

Transrapid-EMS supplied test data to MITRE in two forms, 1) strip
chart recordings in a data report [1], and 2) an FM analog tape. MITRE
subcontracted to Underwater Systems, Inc. to digitize the data from
the tape. The digitized data 1s used throughout this report for com-

parisons of calculations with data.

A total of eight tests were conducted in October and November of
1976, four tests with sinusoidal, four with flexible guideway modifi-
cations. Table I lists these tests with a reference number used through-
out this report. The corresponding Transrapid-EMS reference number

is given. (As test #8 was aborted, only seven tests produced data.)

The control system parameter w (given in Section 3.0) was nor-

mally 10 rps, but was increased to 15 rps for Test 4. It is not clear

8



TABLE 1

LIST OF TESTS CONDUCTED

GUIDEWAY
TEST DATE VELOCITY MODIFICATIONS COMMENTS
—— —— = . S— e =2 =
MITRE TRANSRAPID EMS
REFERENCE NO. REFERENCE NO. KM/HR |
Eynchronization
1 LHP-5-82 10/12/76 188 elastic bff by 20 ms.
(see Sec. 4.1.2)
2 LHP-5-83 10/14/76 261 elastic
3 LHP-5-84 10/15/76 331 elastic
4 LHP-5-85 10/19/76 328 elastic w=15 rps
5 LHP-5-86 10/26/76 129 sinusoidal
bynchronization
6 LHP-5-87 10/28/76 258 sinusoidal bff by 22 ms.
see Sec. 4:1;))
7 LHP-5-89 11/04/76 324 sinusoidal w=15 rps?
(see Section
2.5.1)
8 LHP~5-88 ? 321 sinusoidal aborted test




whether w = 15 rps for Test 7, as will be discussed in the next

section.

Unresolved Questions Concerning the Data

There are several outstanding questions regarding the data. The

most significant are as follows:

o MITRE had requested that the control system be altered to
obtain higher vehicle accelerations during a few tests. This was
attempted by increasing the control system parameter, w (presented
in Section 3.0), from 10 rps to 15 rps. Two questions regarding this

change are unresolved:

a. While the data report [l] specifically states that only Test

4 used w = 15 rps, the final report [2] states that Tests 4 and 7 had
w = 15 rps.

b. The final report [2] indicates that w= 15 rps only for the
heave channel, while verbal information [3] indicated that both heave

and pitch used w = 15 rps.

In light of these uncertainties, MITRE did not model the w = 15
rps cases. In addition, we assumed that Test 7 was conducted with w =
10 rps, as the data book states. In Section 4, these uncertainties
will be shown to leave unclear whether discrepancies between the theory
and calculations are due to incorrect control system assumptions or a

failure of the model for the "high speed" region of motion.

0 There are discrepancies between the scale factors for some of
the data channels. In particular, a variation in excess of 20% was
found for data from one guideway deflection sensor when the strip

charts in the data book [1] were compared to the same data on the
digital tape.

10



o The front and rear gap sensor signals appear to have the wrong
sign. This was determined in two ways, 1) comparison of the phase of
the accelerometer signals and control voltages with gap signals for

consistency, and 2) comparison of guideway deflections with the measured

gaps.

MITRE reversed the sign of all front and rear gap sensor data
obtained from Transrapid to account for this. (As the strip chart
recordings in the data book [1] and the digitized data agree in sign,

we rule out errors during the digitization.)

o The synchronization signals for Test 1 and Test 6 appear to

be in error by about 20 ms, as discussed in Sections 4.1.1 and 4.1.2.

11/12






3. CONTROL SYSTEM DESCRIPTION
The control system for the KOMET has been documented elsewhere
by Transrapid-EMS [4] and it will only be briefly summarized here.

Details regarding the control system were supplied to MITRE by
Transrapid-EMS.

For the purpose of this experiment, only pitch and heave modes
were considered in the model. The other rigid body modes, however,

were controlled in an analogous manner.

Figure 4 depicts the control strategy for the pitch and heave
modes of the KOMET. The information collected by the gap sensors
(dl and d2) and the accelerometers (Z1 and 22) is transformed into
heave and pitch signals. These signalec are deviations from the

nominal, or bias, levels. For the heave channel,

4

Zy

1/2(dl + d2)

1/2(21 + 22),

while for the pitch channel,

dp = 1/2(d1 - d2)
Zp = 1/2(21 - ZZ)
where d, and dp are the heave and pitch ''gaps,' and z, and Zp are the

heave and pitch "accelerations'", respectively. These signals are
processed by digital heave and pitch observer-controllers where they
are transformed into heave and pitch mode control voltages. Figure
5 depicts an analog equivalent to the digital observer-controllers.

h
through US’ as follows:

The heave and pitch mode control voltages, U_ and Up respectively, are

transformed into the magnet voltages U

1
Ul = U2 = Uh + Up
U3 = Uh
U4 = U5 = Uh - Up
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where the subscripts 1 through 5 correspond to the magnet locations

given in Figure 3.

For the purpose of modeling the vehicle, magnets #1 and #2 are
taken to act at a single point 1.5 m in front of the center of gravity
(CG), magnet #3 at the CG, and magnets #4 and #5 are taken to act at a

single point 1.5 meters behind the CG.

Linearized expressions of the magnet force laws were used to
model the magnets. The incremental magnet force of the jth magnet,
Fj’ was taken as a function of the incremental current Ij’ and the

incremental magnet pole face to guideway gap gj, as follows:
F, = C.I, - C,g8.
3 17j 28;

where Cl and C2 are constants of the magnet. The current Ij was com—

puted as a function of the magnet voltage from the following equation:

Y L

v, =C,I, -C,g. +R-L.
577375 7 V4B 3

where R is the magnet electrical resistance, and C3 and C4 are con-

stants. Details regarding these constants were supplied to MITRE

by Transrapid-EMS [5].

16



4, RESPONSE TO SINUSOIDAL GUIDEWAY

The calculated steady state response of the KOMET to the sinusoidal
disturbance depicted in Figure 2a is given in Figure 6, which depicts ,
the position of the front and rear gap sensors in an inertial reference
frame. This figure illustrates the nature of the vehicle response.
Note, in contrast to low speeds, for speeds above 200 km/hr the
motion of the front gap sensor is small compared to both the 2 mm
amplitude of the disturbance and the amplitude of the motion of the
rear gap sensor. Hence, for the higher speeds the motion can be
roughly described as though the front of the vehicle glides in an
inertial path while the rear of the vehicle oscillates vertically.
Thus there are both "low speed” and "high speed" regions of vehicle
motions of interest for the tests. The actual velocities of the tests
are indicated in Figure 6. Note that Test 5 corresponds to a "low
speed" region while Tests 6 and 7 correspond to a "high speed" region.
This type of motion is not optimal for tracking the guideway distur-
bance given, but optimal tracking was not the object of the experiment,
since the KOMET control system was designed to other criteria. The
object of this experiment, to verify analytical models, was constrained
to using the control scheme of the KOMET which existed at the time of

the tests.

Figures 7 through 9 display the response of the KOMET to the 2 mm
amplitude sinusoidal disturbance depicted in Figure 2b. For the
purpose of summarizing the results of the tests, measured values are
also indicated in these figures. The amplitudes of the measured values
were visually estimated from the time histories, since the waveforms
were not pure sinusoids. (The actual time histories are compared in

Section 4.1.)

Figure 7 displays the calculated gaps at the front, center and

rear gap sensors, and the measured gaps at the front and rear gap

17
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sensors., Figure 8 gives the calculated acceleration at the front and
rear accelerometers as well as at the center of gravity. Also shown
are the measured accelerations at the front and rear accelerometer.
Figure 9 gives the calculated and measured heave and pitch mode control

voltages.

Note that good agreement between theory and experiment exists for

the gaps for all the tests, except for the rear gap in Test 6.

With respect to the accelerations and voltages, the calculations
and measurements are in fair agreement for Tests 5 and 6. The calcula-
tions of the accelerations and voltages are significantly higher than.

the measured values for Test 7, the highest speed test.

These results can be assessed with regard to the "low" and "high"
speed regions of vehicle tracking. Since the low speed region corres-
ponds to those cases where the vehicle is actively tracking the guideway
at a reasonable excitation frequency (3Hz), this case is the most signif-
icant one for validating the model. The good agreement for this case

can be considered to validate the model for the "low speed" region.

The guideway excitation frequencies were conéiderably higher for
Tests 6 and 7, 6.0 Hz and 7.5 Hz respectively. These tests, which
correspond to the "high speed" region, are important for assessing the
transient response as well as the stability of the control system.
Although the poorer correlation between theory and experiment for the
"high speed" region could be due to various physical phenomena, we
cannot be-sure of the extent of the uncertainties in the data ob-

tained, as discussed in Section 2.5.1.
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Examples of unmodeled physical causes for discreparcies between
theory and experiment for the high speed region are:
o magnet force law nonlinearity

o track and magnet armature eddy currents

There is insufficient data to identify specific physical causes

in light of the overall uncertainties in the data.

In general, the following points should be noted:

1. The model may only be valid for small values of vehicle
accelerations, since good agreement between theory and experiment was
only obtained for Test 5, the low speed test, where vehicle accelera-
tions were below .lg. This would imply that a nonlinear model may be
more appropriate at higher accelerations. Note that calculations for
Tests 6 and 7 predicted accelerations over .3g for the rear accelero-

meter.

2. In the high speed region of motion there is reasonably good
agreement for the rear gaps, but not for the rear accelerations. This
is apparently an inconsistency in the data, since good agreement for
the rear gap would imply good agreement for the rear accelerations

(considering the large motion at the rear of the vehicle).

(Poor agreement for the front acceleration and good agreement for
the front gap is not necessarily inconsistent, since the front of the
vehicle moves essentially in an inertial plane of flight with low
acceleration. The front gap is primarily determined by the guideway
modifications, not the vehicle acceleration, therefore large errors in
the front acceleration would be necessary to cause noticeable errors

in the measured gaps for the high speed region,)
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It is difficult to draw specific conclusions in light of the
uncertainties in the data (Section 2.5.1) and the apparent contra-
dictions inherent in the data (discussed above). However, the following

points can be made.

o The gap is the most significant parameter, since the physical
phenomena of interest is avoiding contact. _

o The gap sensors tend to read the "cleanest" signals, since
accelerometers tend to be quite noisy. This is typical of such
instruments in this application, since even very small displacements
at high frequencies give rise to large acceleration signals. As the
mode control voltages utilize signals from the accelerometers, they
too tend to be noisy. Hence the most reliable measure of vehicle
motion is the gap sensor.

o For large motions in inertial space, as are exhibited by the
rear of the vehicle for the high speed tests, one would expect the magnet
accelerations and voltages to be in reasonable agreement since the

gaps were in agreement.

For tracking in the "low speed" region, the region of most
significant interest, the model is reasonably well validated. This
is substantiated by the good agreement of theory and experiment for

the gaps and reasonable agreement for the accelerations and voltages.

Although motion in the "high speed" region does not appear to
have fully validated the model, there are sufficient uncertainties
in the data to allow the possibility that better agreement does

actually exist than was found.

Comparisons of the Time Histories

The previous section compared estimated amplitudes of the measured
vehicle motion with calculated values. 1In addition to amplitude, the

phase should be considered, and comparisons of theory and experiment
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for the actual time histories were made. These comparisons included
the following parameters

o front and rear gap sSensors

o front and rear accelerometers

o heave and pitch mode control voltages

o heave and pitch accelerations (these were calculated from
the data by appropriately combining the data for the front and

rear accelerometers).

Typical examples will be presented in this section, and for
completeness, additional time histories are presented in the appendices.
Section 4.1.1 presents results for Test 5, a "low speed'" region test,
and Section 4.1.2 presents results for Test 7, a "high speed" region

test.

4.1.1 Low Speed Reglon (Test 5)
Figures 10 through 15 present comparisons of the measured and
calculated time histories for Test 5 (V = 129 km/hr). This test

characterizes the "low speed" region of motion.

The bias levels in the figures, characteristic of the instrumen-
tation used, have not been calibrated as they are not of interest.
The average value of each calculated curve was equated to that of the
corresponding experimental curve for the purpose of the graphical
comparisons shown. The broken lines give the calculated results.
Alignment of the calculated curve along the time axis was achieved
by utilizing the synchronization signal obtained from the slot
detector mentioned in Section 2.4. The guideway secticn locations under
the front gap sensor, as determined from the synchronization signals,
are indicated in Figure 10. The time at which the front sensor enters

and leaves a section is marked on each side of the section number

with a vertical line.
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Figures 10 and 11 display the front and rear gap sensors. Figures

12 and 13 display the front and rear accelerometers. Figure 14 and

15 display the heave and pitch mode control voltages. The heave and
pitch acceleration time histories are given in Appendix A. Agreement
between the experiment and the calculations is excellent for the gap
sensors considering the simplifications made in the simulation. The
correlations of accelerations is not as good, but the comparison of
accelerations is of less significance than that of the gap sensors.

The signals from the accelerometers are noisy, as is typical of such
instruments in this application. The mode control voltages utilize

the signals from the accelerometers, hence they too are noisy.

4,1.2 High Speed Region (Tests 6 and 7)

Figures 16 and 17 give the gaps at the front and rear gap sensors
for Test 7* (324 km/hr). Time histories for the accelerations . and
voltages are given in Appendix B. The bias values and time synchroniza-
tion were handled in the manner discussed in Section 4.1.1. The front
sensor does not enter the test section until .4 seconds have elapsed,
after which the calculated motion for the steady state is approached
(see Figure 17). The figures show the agreement between the experiment

and the calculations for the gaps are also good for this higher speed test.

Note that the measurements show larger and smaller gaps than pre-
dicted at the points designated A and B in Figures 10 and 16. These
discrepancies appeared at the same locations for all the tests - both
for sinusoidal and flexible guideway test cases. It is likely that

these discrepancies are due to a guideway misalignment.

Similar agreement was obtained for Test 6 (258 km/hr), given in

Appendix C. For an unknown reason, the calculated and measured time

*
Assuming w = 10 rps, as discussed in section 2.5.1

28



46

45

! i
0S°ET
(HR)

| A
0021 0S°01
IN3IW3IY4S IO

T

|
00°6

0s*

0.0

L

TIME [N SECONOS

FIGURE 16
FRONT GAP SENSOR

———m
——

——mmar TS
———

o

I T |
0*hl 0'21 0°01

LN3N3JBdSI0

—
0°91
(KW)

0.0

0°¢

TIME [N SECONDS

FIGURE 17
REAR GAP SENSOR

29



histories for Test 6 agreed in phase significantly better if an addi-
tional time shift of 22 ms (corresponding to a 1.6 m displacement) was
invoked. The results for Test 6 with a 22 ms time shift are given in
Appendix D.

As is seen in Appendices B, C and D, the correlations of accelera-~
tions and voltages for the high speed tests are even poorer than for

the low speed test.
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5. RESPONSE TO FLEXIBLE GUIDEWAY

As discussed in Section 2.0, the range of modification of para-
meters for the LHP test facility was limited to the cases given in
Figure 2, For the flexible guideway given in Figure 2b, the test was
not expected to induce a significant dynamic interaction between the
vehicle and the flexible guideway. It did allow, however, checking
the analytical model in the degenerate case for the following two

limits:

1) there is no significant dynamic amplification of the guideway
deflections, as the crossing frequency ratio is well below the critical
value of 2, for a 2-span beam. This dimensionless ratio, given by the
vehicle velocity divided by the pier span length and the beam funda-
mental frequency, is only .69 at 354 km/hr.

2) the vehicle and guideway are uncoupled, as the dynamic tracking
forces were relatively small. The guideway, therefore, sees essentially

a moving, constant force load.

5.1 Guideway Deflections

Figure 18 shows a comparison of the calculated and measured time
histories for Test 1 (188 km/hr). The case shown is that for the
sensor indicated as number 2 in Figure 2b. The guideway deflection
was calculated for the case of a constant force load (uniformly dis-
tributed over a 5 m length) traversing the guideway. As this model
has been documented elsewhere it will not be discussed here[6]. For
the KOMET tests, the gulideway parameters used are as follows: span
6 m, moment of inertia I = 41792 cma, weight per unit

2884 N/m, and cross section area A = 374 cmz.

length 2

length w

As is seen from Figure 18, the calculated and measured deflections
agree very well. This was found to be the case for all the elastic
guideway tests. The results for several deflection sensors along the

instrumented sections for Test 3 are given in Appendix E.
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Figure 19 gives the maximum deflections, calculated as well as
measured, for Test 1 at six of the points measured along the 2 span
beam. As expected, no significant dynamic amplification or vehicle/
guideway coupling was noted. This is borne out by the good agreement
of the measured deflections and those calculated from the moving con-

stant force, distributed load case.

5.2 Vehicle Motion

The guideway deflections calculated from the moving, constant
force load were used as a forcing function for an uncoupled vehicle
model. This approximation applies to the tests conducted, as discussed

in Section 5.0.

Figures 20 through 22 compare the calculated and measured time
histories for the front and rear gap sensors and the heave mode control
voltage for Test 3 (331 km/hr). The bias levels and phase of the cal-
culated curves were adjusted in the manner described in Section 4.1.1.

The agreement between the calculated and measured values is reasonable.

As can be seen in Figure 20, the guideway roughness outside the
test sections (#43 to 46) is comparable to the guideway deflections, so
that the vehicle response is only partly determined by the guideway
flexibility. In addition, since the guideway deflection under the
sensor is quite small for one span of the two span beam, the dominant
excitation wavelength is actually on the order of 6 m, too short for
the vehicle to track. For these reasons, the flexible guideway tests
do not provide a thorough cheék of the model. The discrepancies at
points A and B in Figure 20, apparently due to a guideway misalighment,
were discussed in Section 4.1.2. In addition, the discrepancy noted
as point C was found to occur for all the flexible guidway tests, and

is also thought ‘to be a guideway misalignment.
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The other time histories for this test are given in Appendix F.

The time histories for
For an unknown reason,
Test 1 agreed in phase

of 20 ms is used. The

Tests 1 and 2 are given in Appendices G and H.
the calculated and measured time histories for
significantly better if an additional time shift

results for this case are given in Appendix I.
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6. PARAMETER STUDY

The previous sections of this report dealt with the verification
of a specific analytical model, control system, vehicle and guideway.
As was discussed in Section 2.0 the control scheme utilized on the
KOMET had been designed to criteria other than optimal tracking of
flexible guideways. In addition, the achievable guideway modifications
were limited by the existing test track. In order to deal with the
general problem of vehicle/guideway interactions it is necessary to
take a broader approach to control system and guideway design. Rea-
sonable verification of the type of analytical models used for a

maglev vehicle was shown in the previous sections.

The detailed problem of a maglev vehicle traversing a flexible
guideway will be treated in a general manner. Section 6.1 will
discuss the general physical constraints on any maglev vehicle which
affect the extent of vehicle/guideway interactions, while Section 6.2
will identify the general conditions which must exist for interactions

to be expected.

6.1 Maximum Allowable Guideway Deflection

6.1.1 Acceleration Limit
The maximum guideway deflection that can be negotiated is limited

by the lift/weight ratio (L/W) of the magnet bogie. Since a DC magnet

cannot repel the guideway, it cannot fall faster than it would when
the magnet current drops to zero. If it is assumed that the roughest
guideway shape to be tracked is symmetric (it has an equal require-
ment for upward and downward accelerations), the roughest guideway that
can be followed tightly will be limited by this effect. This is termed
the "acceleration limit". It has been shown [7]‘that the peak magnet
acceleration imax for this case is limited by the 1lift to magnet weight

ratio, L/W, and the gravity acceleration g, or
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(6.1)

max

ﬁ%ﬁ

Figure 23 defines the coordinate system for the suspension system.
The magnet bogie position is X(t), the guideway position under the magnet

is Xg(t) and Xo is the bias gap. The gap error Xe(t) is defined as

X, (£) A X(t) - Xg(t) - X (6.2)

For a perfect tracker, the magnitudes of accelerations X and Xg are

2
d R Q.. - .e
I3z X()| =X =|3 Xg(t)l X, (6.3a)
and
X, =0 (6.3b)

If the guideway is sinusoidal in shape, ﬁg = Am2 where A is the
amplitude and w is the frequency of the guideway excitation. The
maximum sinusoidal guideway amplitude Ao that can be followed is

given by

A =X /u)2 (acceleration limit) (6.4)
o max

The control system is not, however, required to provide perfect tracking.
Some ganp error is allowed, and A can be increased above the accelera-
tion limit Ao by loosening the tracking; e.g., allowing some gap error.
The next section discusses the limit to A imposed on a general

control system by the acceleration limit.

6.1.2 Control System Limit

The limit to the tracking ability of a generalized maglev sus-
pension requires treatment by a nonlinear model due to the square law
nature of the magnet force law. For the present purpose, a quasi-

linear approximation will serve to estimate this limit.
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If iron saturation is neglected, the magnet force law is of the

| rlo + I(tqz X 2
F = Fo l_—-—--“[ - "x——m)“ = FO + AF(t) 6 .5)
o o e

where AF is the incremental attractive force, Fo is the bias force,

form

I, is the bias current, X, the bias gap, I(t) the incremental control
current and Xo(t) is the gap error. The deviation from the bias value
of Fy is AF(t).

This force law can be linearized to give the LaPlace transform:

AFGs) = 2 F [ 1(s) _ %) (6.6)
IO XO

Summing forces on the magnet bogie,
- AF(s) = Mszx(s)+AF2(s) 6.7)
where M is the magnet mass and AFz(s) is the incremental force due to

the motion of the secondary suspension. We can take AFZ(S) = 0 since

ride comfort dictates a soft secondary suspensioﬁ, hence

- AF(s) = s’MX(s) (6.8)
Equations 6.6, 6.7 and 6.8 give

- "MX(s) = 2F, - [;332_ - Xe(s)] (6.9)

The fractional control current a(s) = I(s)/I0 is defined by

I (s) .
aeya L&Y _ T E(s) | (6.10)
=I5 X5 go
2F
where g, A _ 9 = 2(L/W)g
M
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Without loss of generality, we can assume the suspension transfer

function X(s)/Xg(s) is H(s), or

H(s) = 281 (6.11)

the gap error Xe(s) is then given by

Xe(s) = X(s) - Xg(s) = [H(s)-l] Xg(s) (6.12)

We evaluate H(s) at the guldeway frequency, w,

H(jw) = Hr(m) + jHi(tu) (6.13)

where Hr and Hi are the real and imaginary parts of the transfer
function. The magnitude of the vehicle acceleration, X, and gap
error, Xe, are given by

.._[2 2]11 )

X = Hr (w) + Hi (w)| -Aw (6.14)

1

- 2 203
X, = [Hr + 1 - 2H_ + Hy ] <A (6.15)

where A is the amplitude of the frequency of the guideway waveform.

Equations 6.14 and 6.15 are general for a linearized system.

They can be solved for Hr(w) and Hi(w) to give

1o 2
H(w) =% |—=T- + 1] (6.16)
T B2
ahd
2 _ l__ _ 2 v
Hi (w) = 82 H (w) (6.17)

where the real, positive dimensionless parameters B and Y are defined

as
B A S (6.18)

and
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€

v A’e (6.19)

el

The maximum permissible value for y occurs for Xe = XO, to prevent:
collisions. Note that solutions do not exist for Hi (jw)<0, which places
the following limits on 8,

ﬂmin = l-y (6.20)

and

w
]

6.21
e = 1Y | (6.21)
This limitation simply represents the fact that there must be a
minimum gap error, represented parametrically by y, if the magnet

acceleration does not equal the input acceleration; e.g., B*l.

This result can be used to solve for the maximum guideway ampli-
tude that can be followed, Amax’ regardless of the control scheme
utilized. Substitution of Equation 6.21 into Equation 6.18 gives

X
= “max _ (6.22)
max Ez""‘"*'xo AO+X0

when Xe = Xo and X = Xéa . This simple yet important result states
that the maximum value for the guideway amplitude that can be followed
can be no m@re than the bias gap Xo plus the acceleration limit Ao
which characterizes the perfect tracker, regardless of the control

scheme utilized. This is termed the "control system limit".

6.1.3 Consideration of Force Law Nonlinearity

A magnet control system operating about a bias force requires
the force to decrease with decreasing current. Equation 6.5
shows that negative currents increase the attractive force rather
than decrease it, hence negative currents are not useful for control

purposes and are to be avoided. For this reason, the prediction of
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negative currents by a linearized model should be interpreted as in-
dicating that the model's range of validity is exceeded. To insure
that extreme current excursions are avolded, we impose the condition
an [T <y (6.23)
o
where ), chosen in consideration of the square law nature of the force
law, helps prevent the force from becoming negative in the linearized

model of Equation 6.6.

From Equation 6.10 5 .
IGw) _ w X(jw + e(jw) (6.24)
X .

IO g'0 (o]

Substituting Equations 6.14 and 6.15 into 6.24, it can be shown that

the magnitude o of the current ratio a(jw) is given by

o\ 2 2 X\ 2 |*
daciny | = X _ (B-1) _e
o=la(ju)| = g 1 Ae ] + X ‘€ (6.25)
o v o
where the parameters
A wZX
Ae 2 ° (6.26)
&
and
e Al + Ac (6.27)

characterize a general system.

Equations 6.14, 6.15 and 6.25 are not specific to any control
scheme, and they represent basic physical constraints which cannot
be exceeded by any control system design. They define requirements
for gain and phase of the control system at a specific excitation
frequency w for a guideway with amplitude A if the vehicle parameters
are XO (the bias gap) and g, (defined by the lift/weight ratio of the
bogie). They can be used to predict the control system parameters B
and y which are necessary for vehicle guideway interactions to be

likely.
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Figure 24 gives an example for parameter variations of B and v for
a given Ae. The case shown is for w = 20 rps, XO = 15 mm, By = 10g and
X=X = .Sgo. This figure gives a vs. A for various values of gap
error. The range of A for which solutions exist for a is limited by
Equations 6.20 and 6.21 for ﬁmin and pmax' Note that larger values
of gap error allow wider ranges for o than exist in the figure.
A control system can be designed for any B and y which result in rea-
sonable control currents and gap errors, Or a §>% and Xe f.xo. The
perfect tracker can have X = %go only at A = Ao = ,1225 m, while
several combinations of B and y will give X = %go if the gap error
is allowed to vary. For example, gap errors between 5 mm and 10 mm

will give « <Y if A=.129 m, as can be seen in the figure.

6.1.4 A Specific Control System

The previous results are general. For a specific control system,

the choice of B and y will not be independent.

As an example, we take a control system with gap error and

absolute velocity feedback, or

I(t) = KOXe(t) + le(t) (6.28)

I
o

where

X(t) = %; X(t) (6.29)

and K0 and Kl are constants. It has been shown [7] that this yields a
magnet suspension with natural frequency Wy and damping §. Solving for

B and y, we obtain
] w 4 2 2 ¢
B = - + (4£°-1) +1 (h.30)

and _

o |4 2m2%
y=li—] + 4 (3— (6.31)
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The choice of control system parameters w and £ set B and y. As

an example, the case £ = /2/2 is discussed next.

From Equations 6.30 and 6.31, if ¢ = JE}Z,

g = [(ﬁ‘) by 1]*i (6.32)
n
y = (%) [(z—) 2 4 2] C (6.33)
n n

The relationships between system parameters have now been

and

established in general, as well as for a specific example. The next
section examines the conditions of these parameters which are necessary

for vehicle/guideway interactions to exist.

6.2 Conditions for Vehicle/Guideway Interactions

If there is to be an interaction, the magnet acceleration X must
be comparable to imax' Otherwise, the vehicle could be approximated
by a moving constant force distributed load equal to the bias value of
the 1ift, which is not considered an "interaction" in this report.

The conditions for developing such accelerations are discussed next.

Figure 25 depicts a vehicle with N independently sprung primary
suspensions traversing at velocity V a guideway with pier spacing Lp.
The unloaded beam deflection is dbeam’ the maximum deflection as the

vehicle traverses a beam is d .
. max

Note that the "full wave rectified sinusoidal" shape of the

guideway 1s given by its Fourier series,

-4 . _ .2
xg(:) =d [1+ 2/3 cos wt — 2/15 cos 2 wt + +-+] - (6.34)
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where w = 2nV/Lp. The pier spacing is Lp and w is the fundamental
frequency of the guideway waveform. The acceleration of the guideway,

ig(t) is then given by

Yoy = - 2,2 2 _.8
xg(t) =-qo dmax [3 coswt 15 cos (2ut) + ] (6.35)

which is the acceleration a "perfect tracker" would develop. Since the
object of the suspension is to avoid collisions, and the first two
guideway harmonics account for most of the midspan guideway deflection,
it is not necessary, normally, to track the higher harmonics to avoid
collisions. The effect of the higher harmonics, which are necessary

to define the cusp in the guideway shape near the piers, is primarily
to cause short duration gap increases and force "spikes" as the magnet
crosses the pier supports. Close tracking of these cusps is not
important, as they cause sudden gap increases, not contact. Assuming
that the "full wave rectified" guideway is described by only the first

two harmonics, Equation 6.35 gives the peak acceleration of the magnet,

i, as
X = .75w2dmax (first and second harmonics) (6.36)

which occurs at the pier support. The acceleration due to the first
harmonic alone is 55% of that given in Equation 6.36, therefore only
55% of imax can be utilized for tracking the fundamental, the remaining
available acceleration is developed by tracking the second harmonic.
The acceleration limit to the amplitude of the first harmonic A0 can
be expressed in terms of the fundamental frequency w, as
_ . 2

Ao .SSXmax/w (6.37)

which gives an approximation for the acceleration limit for the case

of the '"full wave rectified" guideway shape.

The maximum guideway deflection allowed is found by equating the

amplitude of the first harmonic in Equation 6.34 to Amax which gives
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dmax = 2.4Amax (6.38)

Invoking Equation 6.22 for Amax’ but using Equation 6.37 for

_ X 2
dmax._ 2.4 [.SSXmax/w +Xo ] (6.39)

is the midspan guideway deflection that will cause X ¥ imax’ or inter-

actions to be likely, for the guideway shown in Figure 25.

Figure 26 gives dmax vs. Lp for magnet accelerations from .5 to 10
g for the case Xo = 15mm, and Equation 6.39 is used for dmax' Since
deflections less than the magnet bias gap need not be followed (they
do not cause contact), dmax becomes constant as w increases, as indi-
cated in the figure. These curves bound dmax’ because an unsprung
magnet (L/W = 1) will be likely to cause interactions if .5g<X<lg, while
a magnet sprung with an L/W of 10 (a practical maximum) will be likely

to cause interactions if 5g<iélOg.

The maximum guideway deflection due to vehicle motion must be

significant compared to the unloaded beam deflection, or

dmax > 1 (6. 40)

dbeam

since unless the dynamic deflectlions are significant they do not affect

the tracking ability of the suspension.

Therefore, for interactions to be possible, the beam must be
prestressed if dbeam (the beam sag without prestressing) is comparable
to the values of d given in Figure 26. Since d ], 2, while

4 max max p
beam GLp (for a given simply supported beam), this becomes an impor-
tant constraint as pier spacings increase. Note that the parameter of

interest is the dynamic beam deflection, not the beam weight.

¢
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An Example

For vehicle/guideway interactions, we require the magnet
accelerations to be approximately equal to Xmax' Equations 6.14 and
6.15 can then be used to define the control system parameters B and y
and the guideway amplitude which will cause vehicle/guideway reactions
to be likely for a sinusoidal guideway shape. For the specific case-
of absolute velocity and gap feedback given in Section 6.1.4, the
parameters w and £ can be varied. Figure 27 shows an example of a
parameter study with a and Xe/X0 as a function of w and X for the

following parameters

15 mm

X

° 2
g, = 98 m/s
w = 40 rps

£ =Va/2

which correspond to Ae = .2248.

The upper pair of curves give a and Xe/X0 for X = imax’ the lower
pair for X = 4 xmax' Note that o cannot become less than !} for the
case X = xmax’ regardless of the w chosen. Although this case could
be synthesized by a general control system, as shown in Figure 24, it
cannot be synthesized for the case in point. Weaker interactions are
possible, however, if the magnet acceleration is decreased. For
example, the lower pair of curves, for X=1/2 imax’ allows solutions

for Xe/Xo <1 and a <% if w, is greater than 150 rps.

6.3 Computer Programs

A pitch-heave simulation for five independently sprung magnels
was programmed for a digital computer. For this model the rigld
vehicle and a flexible guideway are coupled. Each magnet is aprung
from the secondary mass by a passive spfing and dashpot. Current

feedback of the form in Equation 6.28, absolute velocity and gap, is
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included. The magnet force laws are quasi-linear, as given in Equation
6.6, This type of feedback control was discussed in a previous MITRE

report [7].
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7. SUMMARY

This report describes the correlation between theory and experiment
of an analytical model of a maglev suspension. In addition, a brief
discussion of the general conditions necessary for vehicle/guideway
interactions (other than those predicted by a moving constant force

distributed load) is given. A parameter study is also presented.

With respect to the model verification, reasonable correlation
between theory and experiment was found for the vehicle to guideway
gaps, poorer agreement was found for the vehicle accelerations and
control voltages, especially for the higher speed tests. Due to the
difficulty in obtaining ''clean" signals for the accelerations and
voltages, this poorer agreement i1s not necessarily significant. The
prediction of collisions depends on the gaps, and the validity of
gap prediction is the most significant point. The poorer correlation
for accelerations and voltages, however, will result in some uncertainty
in the validity of the use of the model for conditions which vary
widely from the test conditions.

For the parameter study, it is shown that basic limits to the
tracking ability of the suspension can be established, regardless of
the control system used. For a rigid guideway of the shape shown in
Figure 25, the largest amplitude than can be followed, dmax’ is
given roughly by,

= - 7.1
dmax 24(Ao+xo) (7.1)
where
g (7.2)
A &2 (55)
and

g, Azp%g (7.3)
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where X is the bias gap, L/W is the lift to weight ratio of the magnet
bogie, gnd g is the gravity acceleration. These conditions result in
large fluctuations in the suspension forces, which indicate that
vehicle guideway interactions are likely. When such interactions

do occur, a more complex model, preferably for a nonlinear, coupled
vehicle/flexible guideway, should be used to evaluate the particular
case at hand. The extent such interactions improve or degrade the
tracking ability of the suspension may depend on the ratio of pier
spacing to vehicle length and the number of magnet bogies assumed,
since the instantaneous acceleration of each magnet bogie will depend

on its position along the span.

The current German approach to magnet control [4], using a de-
centralized control system hierarchy, will tend to decouple the
response of the magnets. For fully decentralized control, only the
motion of the secondary mass and the interaction with the guideway
can couple the magnets. A decentralized magnet control scheme was

therefore used as the basis of the parameter study in Section 6.0.

Recommendations for Future Work

Although not studied within the scope of this work, data for the
magnet currents for the KOMET tests were obtained. The correlation of
theory and experiment for these currents could help considerably to
resolve the uncertainties noted in the correlations of theoretical and
experimental accelerations and voltages. It is suggested that this

be made the object of further study.
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APPENDIX A

Test 5 -~ Heave and Pitch Accelerations

SPEED: 129 km/hr

GUIDEWAY MODIFICATION: Sinusoidal
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APPENDIX B

Test 7 - Accelerations and Voltages

SPEED: 324 km/hr

GUIDEWAY MODIFICATION: Sinusoidal
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APPENDIX C

Test 6 - Gaps, Accelerations and Voltages

SPEED: 258 km/hr
GUIDEWAY MODIFICATION: Sinusoidal

COMMENT: The time synchronization between theory and experiment is
apparently off by 22 ms. (See Section 4.1.1.)
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APPENDIX D

Test 6 - Time Shifted by 22 ms

SPEED: 258 lm/hr
GUIDEWAY MODIFICATION: Sinusoidal

COMMENTS: The theory was shifted in time an amount determined by visual
inspection to align it with the experimental data. This was
22 ms different than indicated by the experimental synchroniza-

tion signal.
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APPENDIX E

Test 3 - Guideway Deflections

SPEED: 331 km/hr

GUIDEWAY MODIFICATION: elastic
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APPENDIX F

Test 3 - Accelerations and Voltages

SPEED: 331 km/hr

GUIDEWAY MODIFICATION: elastic
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APPENDIX G

Test 1 ~ Gaps, Accelerations and Voltages

SPEED: 188 km/hr
GUIDEWAY MODIFICATION: elastic

COMMENT: The time synchronization between theory and experiment is
apparently off by 20 ms. (See Section 4.1.2.)



—
- .
- -
-
--.’
t
- P
~—
-
o (=]
-~
\\‘ " .
3 o
]
I
/ -
I
< _
.. [ ]
- -
d“' O
"
s -
-
kS
[
Sl et o
- 1o
-
\s
~
\\
] P
'I
” 4 ©
5
/ —
S ——. —_ O
-
3
o"‘ -
e
-
-
-’-
-

- ”m.
* n] o
-,

-~

S ~

~—
~ -
-
\
~, N
\} ~
, >
"' = -
s o
" —_—
“‘\_ -
™
-
== o
-
P e l'"o-
-
Dy < L
Sea g
-~ -
- -
~.
~. _N
-
4 o
K
< "I —
N ¢
“* -t
‘_,.‘ = .
Pl o
-
-
---. -
-
‘\
‘5
e o
{ 1 i ' I 1 T T T .

0S°91

00°S1

0S°€l
(WHW)

1
0021 0Ss°01
IN3IW3IIBI4SIO

G-2

0

00°6

TIKE IN SECONOS

FRONT GAP TEST 1

s



l ' i
9°e1  @°21

(WHW?

™
(1 A e 11 01
IN3W3IYI4S 1A

G-3

TIME IN SECONDS

REAR GAP TEST 1



Il TP
~—
——— -
Rt T
——
==
.
——
——
~—
>
---.
-----
——
.......
RIS Yt
-----
_____
_——
o~
at
~———m——
.-
------
e . —
-
—
—_—
s
-
-
______ -
S
—m——-
————
—m———
-””
o
4
e ————
e T
———
———
-
e ———
em——
\‘
-
-
-
————
i
------- -
......
——
e —
______
-
K.
<
T
--------
----- - - =y
- ———————
——
—
Y
-
---—
-
===
e
T
———
———
-~
——
_—
———
]
----
-
--------
——
......... "
.......
By
-
e
-
P
- -
———
-----
—
e
———
o
-
—
-"
-
-
Poper—
———
———
--------
,,,,,
......
——
‘o
S
o
——-
—
=
————
——
---Q-‘- -
- -
-
~—
-
-
—‘,
m———
———
-
v
—
-
—Tso-
------
----
f.~
-
~~~~~~~
.....
——
_________ —
-----
————
-
'-"
-
-
e

-------
-----
———
-

-
-

.....
-
—————
et TR
e~
———

~——

-

~——
ey

[ — | .

I T o
SL'0- 08°'0- s8°'0- 06°0- S6°0- 00'1- SO°1-

$.9 NI NOI1BY3N332Y

G-4

TIME IN SECONDS

FRONT ACC TEST 1



! ! ' |
S°0- 9°0- L'0-
$.9 NI NOILlYY3T3IJH

G-5

TIME IN SECONDS

REAR ACC TEST 1



e ———

g
g 2
—————
o el
-
-

\

~—
-
-
-
i T, -
————
————
-

-

*0S1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 1.0
TIME IN SECONDS

'0.0

HEAVE VOLT TEST 1

s



—t o

-

—————

-_--_--u--

o 0 e S

-
T
T

-------.---_-- ---o----u..---——-

n o o

—
aad
-
o
-

TIME IN SECONDS

PITCH VOLT TEST 1



o

-- o
om0
- .

-
™ -
.
~u

-
-
———
o

e

1 1 L

| |
2L*0- 08°0-
$.0 NI NBIlbY3n333y

I I !
8S°0- h9°*0- 880~

G-8

L

96 0

TIME [N SECOGNDS

HEAVE ACC TEST 1



Y
*
-‘-
-
———
.,o—-"-——
-----
-
-
{
.-
hal
~——
~——
.,
h 3
’
-
-
————
-
’-—’
-
-
- -
S ———
~———
-
-
\“
-

| 1 T T 7T T
h0*0- 80°'0- 21°0- S81°'0- 02°'0-
S.J NI NPILUH3IT3JOH

G-9/G-10

r
he*0-

8z°0=

TIME IN SECONDS

PITCH ACC TEST 1






APPENDIX H

Test 2 - Gaps, Accelerations and Voltages

SPEED: 261 km/hr

GUIDEWAY MODIFICATION: elastic
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APPENDIX I

Test 1 -~ Time Shifted by 20 ms

SPEED: 188 km/hr
GUIDEWAY MODIFICATION: elastic

COMMENT: The theory was shifted in time an amount determined by visual
inspection to align it with the experimental data. This was
20 ms different than indicated by the experimental synchroni-
zation signal.
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APPENDIX J

Report of New Technology

After diligent review of the work performed under this contract,
no innovation, discovery, improvement, or invention of a patentable
nature was made. The unconventional vehicle configuration which is
described herein originated from previous efforts. The main con-
tribution of the present report is to obtain an improved understand-

ing of the dynamic performance of the vehicle.
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