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PREFACE

The study documented in this Final Report was conducted by Ford Motor
Co. under contract to the U.S5, Department of Transportation (DOT), Federal
Railroad Administration, Office of Research, Development and Demonstrations,
The DOT Program Manager was Dr. John T. Harding, Additional subport was
provided by Mr. Arnold Gross of DOT and Dr. Roger Katz of MITRE Corp.

Overall program management and levitation magnet design were the respon-
sibility of the Ford Scientific Research Staff, Vehicle and guideway con-
ceptual designs, vehicle dynmamic analysis, and overall systems analysis were

the responsibility of the Aeronutronic Division of Philco-Ford Corp.

Levitation magnet design and cost analysis were provided by Magnetic
Corp. of America, Waltham, Mass., under subcontract to Ford., Subcontractors
to thebAeronutronic Division of Philco-Ford and their areas of responsibility
were: The Cardan Co., Inc., Beverly Hills, Ca,, for the desipgn and cost esti-
mates of the supporting structure for the at-grade and elevated guideways;
the Raytheon Company, Equipment Division for linear synchronous motor studies;
and the Hamilton Standard Division of United Aircraft Corp. for the analysis
and cost estimates of air propulsion systems., The latter contract was sup-

ported by Philco-Ford in-house funds at no cost to the contract.

Additional no-cost information was provided by the AiResearch Division
of Garrett Corp. (linear induction motor design and performance data, and
information on superconducting rotary electric motors), Jet Propulsion Labo-
ratory (conceptual single-sided linear induction motor performance), and the
United Aircraft Research Laboratory (cost analysis of high-speed ground trans-

portation systems).

i0y



The key technical personnel on the project are listed below:

Messrs.

== SR CUE -~ o & T~ B s B R - -

Ford Motor Co, Scientific Research Laboratory

J, R. Reitz , , .,

R.
L.

H.
C.

Rorcherts .

Davis . . .

. Program Manager

. Deputy Program Manager for Magnetics

. Consultant for Magnertics

Aeronutronic Division, Philco-Ford Corporation

a

o

-

L.

-

B 20 O x> W

Pouns . . .
Clark . . .
Rodriguez .

Auvelmann ,

Wan . . .

Suthéfland
Taylor
Dowty . +

. England . .

Magnetic Corp. of

¢

. Deputy Program Manager for Systems

System Design and Analysis

Vehicle
Vehicle

. Vehicle

Vehicle

"Vehicle

Vehicle

Dynamics and Control
Dynamics and Control
Dynamics and Control
Dynamics and Control
and Guideway Structures

Design

. Electrical Systems

America

Z. J. J. Stekly . . . Principal Investigator, Levitation Magnets

Cardan Co.

B. H, Cardan

¢« + o o At=Grade and Elevated Guideway Structures

Bernard Cardan . . . Consulting Engineer, Structures

Raytheon Co., Equipment Division

M. Kolke‘r e & &
Q. H. Tang . .

Hamilton Standard and

B.

S.

Gatzen . .

F. B, Metzger , ,
F. W. Gobetz . .

T. B. Clark and R.

. Task Manager

. Principal Investigator, LSM

United Aircraft Corp. Research Labs,

. Principal Investigator, Air Propulsion

Systems

Acoustics

Economic Analysis

Pons were the editors of this report,

ii



SECTION

1.0

2.0

3,0

4.0

CONTENTS

VOLUME T

INTRODUCTION .

1.1 Background.

1.2 Organization of Report

SUMMARY .

Baseline System Description .
Overall System Performance. . .
Subsystem Characteristics .

[T )
W M =

2.3.1 Vehicle Design .
2.3 Guideway. .
2.4 ‘Alternéte Propulsion Systems.
2.5 Cost Analysis
2.5.1 Baseline System. . . . . . .
2.5 Alternate Systems. .
SYSTEM REQUIREMENTS., . . . . . . .

3.1 Objectives, .
3.2 System Requlrements

3.2.1 Operational Goals, . . ., . .
3.2.2 System Performance Requlrements
3.2.3 Environmental Requirements .
3.2.4 Route Characteristics.

3.2.5 Safety and Reliability .

3.3 References.
SYSTEM DESIGN ANALYSIS .

4,1 TIntroduction.
4,2 Vehicle Design.

General Configuration.
Passenger Cabin.
Structural Design.
Mass Properties.
Aerodynamics .

Vehicle Synthesis.
Common Subsystems,

F e S
TP NN NDN N
~SN NP0 e

iii

PAGE



SECTION

5.0

CONTENTIS (Continued)

4.3 Suspension Subsystem.
4.3.1 Superconducting Magnets and Associated
Cryogenics .
4.3.2 Vehicle Dynamics and Control .
4,3,3 Control Magnets, . . . . . .
4.3.4 Control Electronics. .
4.3.5 Weight and Volume of Suspen51on/Gu1dance
Elements . e e e e e
4,3.6 Magnet Failure . . . . . ,
'4.,4 Propulsion Subsystem.
4,4.1 Introduction . . . . . . . . . .
4.4.2 Ducted Fan . . .
4.4,3 Linear Induction Motor (LIM and SLIM)
4.4.4 Linear Synchronous Motor (LSM)
4.4,5 Superconducting Paddle Wheel .
4.4.6 Evaluation of Propulsion Candidates.
4.5 Guideway Subsystem. . . . . . . . . .
4,5,1 Levitation/Guidance Element,
4.,5,2 Guideway Design. . . . . . . . . . . .
4.5.3 Switching, . . . . e e e e e e
4.5.4 Wayside Power Plck-Up. .
4.5.5 Communications and Control . . . . . .
4,5,6 Right-of-Way , . . . . . . ..« . . .
4.6 ReferencesS. . . . . . v v v v o o o « o
SYSTEM ANALYSIS, . . . . . . . . « . .
5.1 SystemModel. . . . . . . . . . .+ « . .

5.2 Route Characteristics .

5.3

5.2.1 Transit Performance.

5.2.2 System Capacity.

Vehicle/Guideway Characteristics, . . . .
5.3.1 Variable Cruise Speed Vehicles .
5'3‘2

Magnetic Performance .

iv

PAGE

b=b4

b=tiy
460

4-137
b4=145

=145
4=145

4-150

4-150
4~150
4-174
4-183
4-190
4-197

4-200

4-200
4-215
4-251
4-255
4256
4-257

4-259




SECTION

6.0

7.0

CONTENTS (Continued)

5.4 Cost Analysis .

5.4.1 Generalized Cost Data, . . . . + . + + «
5,.4.2 Cost/Performance Trade-0ffs,

" 5.5 References. . « + v v 4 v e e e e e e e e e e e

SUSPENSTION SUBSYSTEM AND GUIDEWAY COSTS.
6.1 Suspension Subsystem.
Levitation Components. . . . . . . . .

1.1 .
.1.2 Ride Control Subsystem . . . e e e .
1.3 Linear Synchronous Motor (LSM) e e e

o Oy O

6.2 Guideway Construction Costs ,

6.2.1 At-Grade Costs . . . e e e e
6.2 Elevated Guideway Costs. e e e e e e

6.3 References. . . . . . . ,
CONCLUSIONS AND RECOMMENDATIONS.

7.1 General Study Results . ,

Vehicle Suspension .
Guldeway . .
Vehicle De31gn/Performance .

Propulsion . . ., . . . . . .
Systems Analysis . . . . . . . . . .

e U N |
il o
U £~ W =

7.2 Recommendations .

VOLUME II — APPENDICES A — F

APPENDICES

A

B

MAGNETIC FORCE MODELING., . . . . . . . . .

MATHEMATICAL REPRESENTATION OF VEHICLE CHARACTERISTICS .

STABILITY ANALYSIS AND GAIN SELECTION.

FREQUENCY RESPONSE SOLUTION TECHNIQUES .

A-1

B-1

c-1

D-1



APPENDICES

"B

F

G

CONTENTS (Continued)

Q-FAN PROPULSION SYSTEM ACOUSTIC CHARACTERISTICS .

- FINAL REPORT FOR LINEAR SYNCHRONOUS MOTOR STUDIES.

VOLUME III

5 DOF COMPUTER PROGRAM . . . . . . . . . . . .

vi

.

-



FIGURE
2-1

3-1

3-2

4=1

)

4=6
4=7

lm8
lim9A

4=9B
4=10
4all
412
413

4=14

4=15

4-16

ILLUSTRATIONS

Baseline TMLV (MAGLEV) Vehicle.

.

DOT Specification for Spectral Composition of

Acceleration. . . . .

Turn Radii Requirements versus Total Bank Angle .

Baseline Configuration — Air Propulsion with

Fan/Turbine Drive .

Baseline Cabin Cross Section and Seating Arrangement,

Baseline Passenger Compartment and Service Area

Arrangement . . . . . . .

Vehicle Primary Structure .

Analytical Model for Structural Analysis.

Baseline Vehicle Center of Gravity Location .,

Preliminary Configuration used for Aerodynamic Analysis .

Induced Wind Velocity Resulting from Passage of

High Speed Vehicle.

Noise Data Summary and Noise Correlation

for Unpowered MAGLEV Vehicle.

Vehicle Noise Trends. .

Aero Drag Power . . . .

Generalized Structure Weight,

Configuration/Energy Tradeoff .

’

Landing/Switching Gear Arrangement.

On=-Board Control and Communications Subsystem

Block Diagram .

Magnetic Field Contours .

Cross Section of Magnet Assembly without Shielding Coil

€

vii

°

+

*

PAGE

2=2

45

4=6
4=-9
4=11
4=16

4=19
l=24

4-27
4=28
4-33
4=34
4=-37

4=40

443
4=49

4=51



FIGURE

4al7

4-18

4=19

4=20

4-21
4a=22

4=23

4=24

4=25

4=26

4=27

4-28

4=29

4=30
4=31

4=32

4=33
4=-34

435

ILLUSTRATIONS (Continued)

Layout of Levitation Module

(Without Shielding Coils) ,

Cross Section of Baseline Magnet Assembly

with Shielding Coil . . .

.

.

.

Signal Mixing and Control Current Commands Schematic.

Block Diagram for TMLV Control Dyﬁamics and

Ride Quality Characteristics.

Normal Position of Coil Assembly Relative to Guideway .

Variation of Coil Lift Force with Leviation Height.

Ratio with Speed, . . . .

Lift Force versus Coil Elevation.

Lift Force versus Coll Elevation (Effect of

Nonlinear Feedback Reduction) .

.

.

' Variation of Coil Lift Force and Lift/Drag

Example of Lateral Mode Parametric Study,

Acceleration Power Spectral Density (PSD)

versus Natural Frequency.

Acceleration PSD versus Absolute Damping

Ratio without Position Feedback .

Acceleration PSD versus Damping Ratio with

Position Feedback .

RMS Stroke versus Damping Ratio .

Acceleration PSD versus Relative Damping Ratio, . .

Control Current Ratio PSD versus Frequency and

Damping Ratio , .

.

Mean Control Current Ratio versus Damping Ratio .

Acceleration PSD for Different Break Frequencies,

Acceleration PSD versus Corner Frequency,

FR(fA = 0.25 Hz),

viii

PAGEl
4=52
4u55
4=68
4=69

b=74

474

4-75

4-76

4-78

4-83
4=86
4-87

4=88
4=89

4=90

4-92
4=93

4-94

4=96




FIGURE

4-36
4=37
4-38
4=39
4=40
4=41
4=02
4=43
4ebily
4=45
_4°46
4=47
4=48

4-49

4=50

4-51

ILLUSTRATIONS (Continued)

Acceleration PSD versus Corner Frequency,
FR(fA = 1 HZ) . . v e e e e e e e e e e e e

Acceleration PSD versus Corner Frequency,
FA(fR = 0.25 H2). « & v v v i e e e e e e e e e e e e

Acceleration PSD on a Transition to a 2% Grade - With
Position Feedback and Relative Damping. . . . . . . . .

Acceleration PSD on a Transition to a 2% Grade - With
Position Feedback but No Relative Damping . . .

Acceleration PSD on & Transition to a 2% Grade - Without
Position Feedback . . , . « & 4 v v & o « o o »

RMS Stroke on a Transition tec a 2% Grade - With
Position Feedback . . . . . . . « « v v v « v v 4 e .

Change in RMS Contreol Current Ratio on a Transition to,

a 2% Grade = With Position Feedback . . . . . .. , . . . .

Transient Vehicle Response to Regularly Spaced
Gaps in Guideway. . . . . . . . . . . . . . .

Passenger Compartment Acceleration as a Function
of Gap Spacing. . . . . . . . ..

Vertical Acceleration Response to Guideway Vertical
Random Irregularities . . . . . . . . . . .

Control Current Ratio PSDs for Response to Guideway
Vertical Random Irregularities., . . . . . . . . . .

Vertical Acceleration Response to Guideway Lateral - .
Random Irregularities ., . , , . . . . . . . . . . . . .,

Lateral Acceleration Response to Guideway Lateral
Random Irregularities , ., . . . . + . . ¢ 4 « o 4 o « & &

Guideway Roughness Power Spectral Density Relatioms . . .

Lateral Acceleration Response with Modified
Control Gain Constants. . . . . + « + ¢ o & « & o « o «

Control Current Ratio PSDs for Response to
Guideway Lateral Random Irregularities. . ., . . . . . . .

ix:

PAGE
4=97

4=98

4299

4=100
4=101
4=103
4=103
4e104
4-105
4=106
4-108
4=109

4-110

4=112
4=113

4=115



ILLUSTRATIONS (Continued)

FIGURE PAGE
4=52 Maximum Stroke versus Transition Length to a 2% Grade . . . 4=-117
4=53 Maximum Control Current Ratio on a Transition ., . . . . . . 4-118
4=54 Maximum Stroke versus Transition Length to a

2% Downgrade. . . . . . e e e e e e e e e e e e e e e e 4-119
4=55A Stroke-Time History on a Transition with a Gap Sensor , . . 4=120
4=55B Stroke-Time History on a Transition without a Gap Sensor. . 4120
4=56 Maximum Acceleration versus Transition Length

to a 2% Grade . . . . v . 4 0w i e e e e e e e e e e e e 4=121
4=57 | Effect of Acceleration Feedback on Maximum Stroke

versus Transition Length to a 2% Downgrade. . . . . . . . . 4-123
4a58 Effect of Acceleration Feedback on Maximum Current

- Ratio versus Transition Length to a 2% Upgrade. , . . . . . 4al23
4=59 Stroke=Time History in Response toa 1l cm Step. . . . . . . 4=124
4=60 | Stroke-Time History in Response to a2 em Step. . . . . . . 4=125
4-61 Strokes for a Horizontal Transition Sectiomn

{with Position Feedback in Heave) , . . . . + « « « v « & . 4-129
4-62 Strokes for a Horizontal Transition Section

{with Acceleration Feedback in Heave) . . . . . . . . . . . 4129
4-63 Sway/Roll Response to a 45 mph Crosswind. . . . . . . . . . 4-131
b4abl Ride Control Subsystem. . . . . . &+ v & « o & « « « « « « 4 4-140
465 Schematic of Magnet Failure Mode. . . . . . . . . « « + ¢ & 4=148
L=66 Ducted Fan/GT General Arrangement . . . . . . . . . . . . . 4=152
4-67 " Fan/GT System Characteristics . . . . . . . . . . . . . .. 4=-153
4=68  Fan/GT System Noise Comparison. . . : e e e e e e e e 4=154
4=-69 Total Vehicle Noise Level . . . . . . . . . . . . . . . .. 4e155
4=70 Fan/GT Vehicle Acceleration . . . . + v + o « ¢ o + « & + 4 4=157..




FIGURE
471
472
4-73
474
4=75
4-76
4=77
478
479
4-80
4-81
4=82
4~83
t= 84
4=85
4-86
4-87
/=88
4-89
4=90

4-91

4-92

4-93

ILLUSTRATIONS (Continued)

Speed/Distance/Time . . . . . . . . . . . . .
Propulsion Component Efficiency . . . . .
Intra-City Trajectory . . . . . .

Energy versus Intercity Distance.

Energy versus Speed . . . . . . . . . .

Ducted Fan/REM System General Arrangement .

Fan/REM System Characteristics.

Fan/REM Vehicle Acceleration.

SLIM System General Arrangement . . . . . . . .

LIM System Characteristics. . . . . . . . .

LIM Vehicle Acceleration. ,

SLIM Efficiency .

LSM-Powered Vehicle General Arrangement ., . . . . . . .
Paddle Wheel Thrust . . . . . . . . . . « « &+ + « + + &
Paddle Wheel Efficiency . . . . . . .

Paddle Wheel Performance. . . . « « 4 o + & 4 s & +
Paddle Wheel/GT System General Arrangement.

Comparative Energy Consumption. . . . . e e e e
Candidate Guideway Configuratiomns , . . . . . .
Continuous versus Segmented Levitation Element.

Effect of Joints on Laboratory Magnet Lift and

Axial Force . e e e e e e e e

Baseline At-Grade Guideway Design .

Typical At-Grade Guideway Cross Sections,

xi

PAGE

4~-159
4-160
4-162
4=164
4-166
4=169
4=171
4-172
4=-178
4-179
4-180

4-181

4-185

4-191
4=-192
4-193
4=196
4-198
4-202

4=208

4=212
4-217

4=218



FIGURE

AR-TA

4=95
496
4=97

4=98

4=99
4-100

4-101

4=102
4=103

4-104

4=-106
4-107
4=108
4=109
C4=110

4-111

ILLUSTRATIONS (Continued)

Expected and Allowable Surface Vertical
Variations for At-~Grade Guideways .

Elevated Guideway Desigh. . . o . o « o =
Allowable Dynamic Deflection. . . . . . . . . .
Required Bending Stiffness.

Midspan Bending Moment Response for
Elevated Guideway Beams . . . . . . . . « &

Midspan Deflection Response for Elevated
Guideway Beams. . . . . . . . . . ¢ o . .

Preliminary 22.8 m Twin-T Girder, Dynamic Deflection;
Front Coil Guideway Deflection below Levitation Coil.

Preliminary 22.8 m Twin-T Girder, Dynamic Deflection; -
Rear Coil Guideway Deflection below Levitation Coil .

Details of 22.8 m (75 ft) Span-Double-Tee Girder.
Details of 22.8 m (75 ft) Span~Box Girder .
Typical 22,8 m (75 ft) Span-Composite Girder.
Typical Pier and Footing for 22.8 m (75 ft) Span.

Final 22.8 m Twin=T Girder, Dynamic Deflection;

Front Coil Guideway Deflection below Levitation Coil. .

Final 22.8 m Iwin-T Girder, Dynamic Deflection}

Rear Coil Guideway Deflection below Levitation Coil .

Estimate Total Deflection, Final 22,8 m Twin-T Girder;
Front Coil Approximate Deflection below Levitation Coil .

Artist's Drawing of Terminal Area and Baseline
Switching Concept . . . . . . . + « v v v v . . .

Alternate At-Grade Switching Concept with
Hat-Shaped Guideway . . . . .

Right=-of-Way Requirements Based on Cuts and Fills .

xii

PAGE

42222
4=225
4229

4-230

4-233

4=234

4=236

4=237
4-239
4=240
4=241

4=242

4=245

4=246

4=248

4=252

lim2 54

4-258




FIGURE

4-112

5-1

5-8
5=9
5-10
5-11
5-12
5413
5-14
5-15
5416
5-17
5-18
6-1

6-2

ILLUSTRATIONS (Continued)

Minimum Radius of Curvature to Satisfy
Lateral Acceleration Criterion. . . . . . .

Transit Characteristics . . . . . . . . . . . . ..
One=-Way Transit Time, . . ., . . . . + . ¢« « « « « « &
System Capacity .

Vehicle/Size Requirements .

Vehicle/Speed Requirements, . ., + « 4 & ¢ 4 o o + o+
Coupled Vehicle Capacity.

Magnetic Performance. . . . . . . . .

Effect of Plate Thickness . . . . . . . . . . .
Effect of Magnet Widch, ., . . . . . + « ¢ « + v « + &
Effect of Magnet Length .

Total System Cost .

Effect of Vehicle Size. . . . . . . . . . .
Distribution of Major Costs .

System Cost Breakout. . . . . . . . . .

Effect of Fuel Cost .

Cost/Thickness Tradeoff .

Effect of Cruise Speed. . . . . . . .

Effect of Mission Profile ., . . . . .

Girder and Substructure Cost.

Total Girder and Substructure Cost — Elevated Guideway.

xiii

PAGE

4=260

5=3



f
b

|

TABLES

U

TABLE PAGE
2-1' ' Overall Control System Comparison . . . . . . . . . . . . .  2=5
4ol Primary Structure and Estimated Weight

(For 445 kN Gross Weight Vehicle) . . . . . . . . . . . . 410
4=2 Detailed Weight Breakdown Summary for

Baseline MAGLEV Vehicle . . . . . . « + « o v ¢ v « ¢ + o 4-15
4-3 Design Aerodynamic Coefficients for Steady Crosswind. . ., . 420
Lty Vehicle Length, £(m). . . . . . + v & v v v v v 0 o v v v 4=30
G=5 Cross Section Data. . . . . ¢ + v v v & 4 « o 0 0 00w e s 4=-30
4m6 Aero Drag Coefficients. . . ¢ + v « ¢ v v v v o s v o + 4+ . 4232
4=7 Vehicle Weight Breakout . . . . . . . . . . . . . . . . . . 4=36
4-8 Magnet Module Characteristics and Specifications

for Baseline Conceptual Vehicle , . . . . . . . . . . . . . Lelt
4=9 Additional Technical Features of Magnet Modules . . . . . . 4=53
4=10 Magnet Module Weights and Heat Loss . . . . . . « . « + .". 4=53
4=11 Effect of Operating Conditions onm the Current

in the Levitation Module. . . . . . . . . . . . . . . . . . 4<57
4=12 Coordinates of Main Coils, Vehicle Extremities

and Passenger Locations . . . . . . . . « . . v 4 e o . . . 4-71
4al3 One Degree-of=Freedom Point Mass Model in Heave ., . . . . . 4=79
A Two Degree~of=Freedom Model for Sidesway/Roll Modes . . . . 4=81
4=15 Gain Constants. . . . . . . + « 4 v 4w 6 4t e e e e e e 4=114
4=16 Control Coil Parameters (Per Coil). . . . . + « + v s + « 4-138
4=17 Suspension Subsystem Volume and Weight, . . , . ., . . . . 4=146
4-18 Magnet Equilibria Positions after Failure of One of

the Eight levitation/Guidance Magnets . . . . . . . - . . . 4=148
4-19 Comparison of Noise Objectives. . . . . . . « +« .+ + o « . . 4;156

Xiv



TABLE
4-20
4=21
4=22
4223
4=24,
4225
4=26
4=27
428
£=29
4=30
4-31
4=32
4e33
434
4=35
4=36
4=37
4-38
4-39
RSNy
441

4=42

TABIES (Continued)

)

Baseline Power/Efficiencies at V = 134 m/s.
Propulsion System Weight Breakdown.
Estimated Propulsion System Emissions .,
Alternate Fuels Comparison (Ducted Fan/GT Baseline)
Ducted Fan/REM System Component Weights .
Ducted Fan/REM Vehicle Weigh£ Breakout.
Overall Fan/REM Efficiency at 134.1 m/s .
Tan/REM Vehicle Energy Intensity. . . .
Fan/REM System Cost Estimates . . . « 4 o « + . &
SLIM System Physical Data . . . . . . . . .
80=5eat SLIM Vehicle Weight Breakout.
Overall SLIM Efficiency at 134.1 m/s.

SLIM Vehicle Energy Intensity at 134,1 m/s.
SLIM System Cost Estimates,

LSM Propulsion System Weight.

LSM Vehicle Weight Breakout .,

LSM Component Efficiency.

LSM Energy Intensity at 134.1 m/s .
Predicted Field Strength of LSM Magnets .
Paddle Wheel/GT Vehicle Weight Breakout .
Paddle Wheel/GT Vehicle Weight Breakout .
Paddle Wheel Energy Intensity .

Propulsion System Comparison (80 Seat Vehicle).

®nV

PAGE

4-161
4-163
4=165
4=167
4-168
4-170
4=170
4-173
4-173
4-176
4e177
4-181
4-182
4-183
4-187
=187
4-188
4-189
4-189
4-195
4-195
4=197

4-197



TABLES (Continued)

TABLE PAGE
4=43 Guideway Evaluation . . . . . . . . « ¢« v v v v « v v o . 4-204
4=ty Example of Conceptual Design of Guideway Element. . . . . . 4-209
4=45 Summary of Butt Joint-Induced Léadings for

Baseline Revenue System ., . . . « ¢« v & o v o 4 o o o = « & 4213
b4=b46 . Maximum Loss of Lift for Various Joints . . . . . . . . . , 4-214
4=47 Velocity Dependence of 4.5 cm Lap Joint . ., . . . . . . . 4=215
4=48 Guideway Load Factors for a 445 kN (100,000 1b) Vehicle . . 4=231
4=49 Final Girder Designs., . . . . . v « « 4 o o « 4 o o 4 o + & 4-238
4a50 Midspan Deflections for 23 m (75 ft) Elevated Span. . . . . 4=244
4-51 Total Midspan Deflections for 23 m (75 ft)

Twin-T Girder with Ordinary Prestress . . . . . . . . . .« . 4247
4m52 Comparison. of Simply Supported Elevated Guideways . ., . . . 4=250
5-1 Vehicle Physical Parameters . . . + +. v o « 4 ¢ o o + o « & 5-10
5=2 ‘Vehicle Weight BreakoUt + o o o o o + = o & & o + s @ o o . 5=10
5«3 Variable Cruise Speed Designs . . . + « & v + « « « « & &+ & 5«11
S=4 Estimated At=Grade Guideway Cest. . . . . . . « . + « « . . 5-17
S5=5 Estimated Elevated Guideway Cost. . . . + + ¢ v + + &« o« & 5-18
5=6 Costs of Basic Guideway . . . . . . . « + v « & « v v & o . 5«18
5«7 Vehicle Cost at 134 m/s . . . . .+ . . v v v v v v v 4w 5-21
5«8 80 Seat Vehicle Costs at Variable Cruise Speed. . . : . . . 5=21
5«9 140 Seat Vehicle Cost at Variable Cruise Speed. . . . . . . 5-22
5«10 MAGLEV System Investment CoSts. . . . . . . « & & &« « 4 & . 5-22
5=11 Comparative 80-8eat Vehicle Weight. . . . . . . . . . . . . 5=36
5-12 Comparative 80-Seat Vehicle Coét. e e e e e e e e e 5«37

xvi




TABLE
5=13

5=14

6-2
6=3

6=4

6=6

6-7

6-8

TABLES (Continued)

Comparative Guideway Cost . ., . . . . . . . .
Comparative System Specific Cost. . . . . ., .

Levitation Module and Refrigeration Costs
(Per Vehicle) . . . & v & « 4 v « v o o v + &

Ride Control Subsystems Costs (Per Vehicle)
LSM Costs (Per Vehicle) . . . . . . . . . . .

Cost Estimate — Roadbed Construction
(At-Grade Guideways). . . . . . . . . . .

Cost Estimate — Levitation and Guidance
Elements (Per Element). . . .

Cost Estimate — Site Preparation (Earthwork)
Two-Way Track . . . . .

Estimated At-Grade Guideway Comstruction Cost
Summary (Two=Way Track) . . . . . . .

Unit Material Costs for Elevated Guideways.

xvii

PAGE

5-38

5=39

6=2
6-8

6=9

6=10

6-~11

6=11

6~13

6=15



NOILY¥NIIANOD INITISYE/WILSAS JTDIHIA INNIATY ATT9OYW

{!

Wy

i A
| = =/| &/ \
¢ — =4

= / AINIWLHYINOD
AITIVO

Hv3o
ONIHILIMS/ONIANYT

ALIDVdYD 0DYYD
IvNOLLIaay

I9VHOLS o
ayvmyo4 -
-
>
S1INDVYIW x
ANy HYmM3q
HOSSIHIWOD ANV HIIHINDIT WAITIH
ANIWIIND3I
ONINOLLIONOD NI8VD ANV LINA .
HIMOJ AHVIUXNY
SANIFHNL SYO
JAILYHINIOIH
(SLv3S 08) S g
INIWLHYIWOD = T
¥3IONISSVd T g W
03400 I G o ol gt
£ 0
S3804QUVM B — : e ——
,4 Oy
\ N

3DVHOLS 14V
e ——

N //M,ku

-

SIIHOLYAYT

I

NY4 Q310Na 031v3HL
ATIVIILSNODY




SECTION 1
INTRODUCTION
1.1 BACKGROUND

This report summarizes the studies conducted by the Ford Motor Ce. and
its subcontractors under Task I of the Tracked Magnetically Levitated Vehicle
(TMLV) Technology Program ~ Repulsion scheme, The purpose of the program is
to establish the technology of magnetic suspension for qltimate use in a
passenger-carrying high~speed ground transportation (HSGT) system - at speeds
on the order of 134 m/s (300 mph).

Magnetic Levitation (MAGLEVf is one of several advanced vehicle suspension
concepts being studied under U.S, Department of Transportation (DOT) sponsor-
ship as alternatives to conventional transportation modes in the short-haul
regime. The search for transportation alternatives is motivated by predictions
of heavy traffic congestion - in the 1985-1990 time frame - in highly popu-
lated regions of the United States with attendant environmental damage, and
substantial hazard to publie safety. Also, the national energy shortage has
intensified the search for more energy-efficient as well as cost-effective

transportation modes.

In 1971-72, DOT sponsored initial MAGCLEV research studies at Ford Motor
Co, and at Stanford Research Institute (SRI), The results of these studies
indicated that magnetic levitation is feasible, and that it offers several
unique advantages and should be considered competitive, for example, with

. tracked air cushion vehicles for the ultimate HSGT role.

The TMLV Technology Program contract was awarded to Ford Motor Co, on
31 May 1974 (Contract DOT-FR-40024) for the purpose of developing MAGLEV
technology relating to the Repulsion, or superconducting concept. The program

consisted of two tasks:

@ Task T ~ A conceptual design of the total suspension and asso-

ciated guideway for an 80-passenger repulsion MAGLEV vehicle
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meeting the specified ride quality requirements at all speeds
below 134 m/s.

@ Task IT - The detailed design, construction and test of & high-
speed test platform incorporating a scaled version of the sus-
pension system designed in Task I. Also included was the asso-
ciated guideway (to be constructed at the U.S, Naval Weapons
Center (NWC), China Lake, Califormia).

This report contaiﬁs only the results of Task I; Task II was cancelled shortly

after initiation due to cuts in the Federal budget,

The original scope of Task I has been expanded to include larger capacity
vehicles, preliminary propulsion studies, conceptual vehicle design (other
than suspension-related elements), system engineering studies of the overall
system {(vehicle, guideway, etc.), and cost studies of the major elements of
the system. A simplified cost model has been derived to establish cost/
effectiveness trends and help make preliminary judgements as te such factors
as optimum cruise speed, magnet and guideway configuration, system energy

efficiency, etc.
1.2 ORGANIZATION OF REPCRT

A summary of the important results obtained frem this study are contained
in Section 2, The system requirements specified by DOT and those derived
during the program are given in Section 3, Section 4 contains the design and
analysis of the vehiele, suspension, propulsion, and guideway (both at-grade
and elevated), The system analysis and tradeoffs are given in Section 5,
followed by the cost estimates for the suspension subsystem and guideway.

Volume I is concluded by the Conclusions and Recommendations, Section 7.

Volume II is an Appendix which contains the mathematical details of
various portions of the vehicle dynamics and control work (Appendices A-D),
followed by a Hamilton Standard Summary of the Q-fan propulsion system acoustic

characteristics and the Raytheon work on the linear synchronous motor.

Volume III (Appendix G) is a description of the five degree-of-freedom
(5 DOF) computer program that was developed to analyze the dynamics and ride

quality of the Repulsion MAGLEV vehicle.
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SECTION 2
SUMMARY

A baseline Revenue TMLV system is identified as a reference point for
comparative performance and cost analysis. The salient features of this
system, supporting tradeoffs, and alternate design approaches are summarized

in the following paragraphs.
2.1 BASELINE SYSTEM DESCRIPTION

The reference system consists of an 80-seat vehicle (with a 2 + 2 seat-
ing arrangement, i.e., 2 seats on each side of an aisle) powered by two noise-
suppressed ducted fans driven by regenerative gas turbines. The vehicle is
designed to operate at 134 m/s (300 mph) over a hat-shaped (wide inverted
tee) guidgway. The route profile is nominally 750 km long with five inter-

mediate, equidistant stops,

A sketch of the vehicle is shown in Figure 2-1 and the frontispiece;
it has a cabin cross section 3.45 m (11.3 ft) high x 2.94 m (9.6 ft) wide
and is 33.7 m (111 ft) long, with a gross weight (including JP fuel at 15%
reserve) of 366.5 kN (82,400 1b). |

Levitation and guidance is provided by eight cryogenically cooled super-
conducting magnets encased in insulated dewars and arranged in four modules
at the corners of the vehicle. The magnetic fields interact with L-shaped
aluminum guideway elements to provide levitation and guidance at a nominal
30 cm (12 in.) clearance (measured from coil centerline to guideway surface).
For operation at speeds below ~ 30 m/s (67 mph), an auxiliary suspension
system is provided consisting of retractable, pneumatic-tired bogies at the

front and rear of the vehicle.

Active control of vehicle dynamic motion is accomplished with conven-
tional electromagnets mounted below the levitation/guidance magnets and
external to the dewars. The control magnets interact with the levitation/

guidance magnets and the aluminum guideway elements to damp the vehicle
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oscillatoxry motion, This is accomplished by varying the current and polarity
of the control magnets in response to onboard motion and position sensor

data, processed according to a specified control strategy.
2.2 OVERALL SYSTEM PERFORMANCE

Each superconducting magnet module* has an effective coil size of
0.5 x 3 m, and a magnetic lift/drag ratio at 134 m/s of 45.5 for 2.54 cm
thick, high-conductivity aluminum (1100-H14 series) guideway elements. For
the baseline 80-seat 366.5 kN vehicle, the total drag power in level, no-wind
operation at 134 m/s is 3,739 kW (5,014 hp); for operation on a 2% grade with
a 13.4 m/s (30 mph) headwind, the total drag power is 5,279 kW (7,079 hp). |

With a two minute allowance for passenger loading/unloading and a maxi-
mum deceleration rate of 0.15 g, the vehicle will traverse the nominal 750 km
(466 mile) route in 120 minutes with five intermediate stops and in 98 min-

utes without intermediate stops (the express case).

For a two minute headway, the 80-seat vehicle can handle ~ 17 x 106 pas-
sengers per year, assuming 60% load factor and 16 hr/day operation;
~ 1.3 x 1010 passgnger-km/yr are accommodated for the 750 km route. A
140-seat configuration can handle ~ 5,000 passengers/hr, 30 x‘106 passengers
per year or ~ 2.2 x 1010 passenger-km/yr, which is close to the predictions
for the Northeast Corridor (NEC) in the year 1990. The larger capacity
vehicle has the added advantage of reducing the energy intensity at 134 m/s
from 2.18 MJ/seat-km {3,324 BTU/seat-mile) to 1.65 MJI/seat-km
(2,516 BIU/seat-mile).

For headways greater than two minutes, or peak capacity greater than
5,000 passengers/hr, two or more l40-seat vehicles should be coupled together.
A train set of three 140-seat vehicles shows an energy intensity of 1,33 MJ/
seat-lkm (2028 BTU/seat-mile) at 134 m/s. At a cruise speed of 110 m/s
(246 mph), the energy intensity of the three 140-seat coach arrangement is
only 1 MJ/seat-km (1525 BTU/seat-mile).

*Two 0.5 x 1.5 m magnets, in separate dewars, are mounted end-to-end within
each suspension module.



2,3 SUBSYSTEM CHARACTERISTICS

2.,3.1 Vehicle Design

A, Suspension

(1) Dynamics and Control., The baseline Revenue TMLV control system

incorporates moderate damping of vehicle motion (damping r;tio, £ ~0.6-1.0)
based on feedback of vehicle absolute (inertial) velocity data and vehicle
position relative to the guideway. The effective natural frequency of the
system is 0,6 Hz; non-linear position feedback reduction is provided to avoid
possiblé vehicle instability in negotiating a transition to a 2% downgrade.
Gap sensors and accelerometers provide the necessary input signals, In addi-
tion to the sensors, the ride control system is comprised of: (1) a set of
control electronics to process the sensor data and compute low-power ride con-
trol signals, (2) a power control unit to provide power switching, (3) a set
of power amplifiers to drive the control magnets, and (4) an emergency back-up

power supply.

For guideway surface roughness approximately equal to that for airport
runways, the DOT ride quality requirements are achieved in all dynamic modes
(heave, pitch, roll, sway, and yaw) for straight and level operation as well
as for turns and transitions to a 2% grade. The associated vehicle displace-
ments from the steady-state position are small (maximum stroke ~ 5 cm) and
power consumption is low (25 to 50 kW)¥*, Maximum vehicle sway (the lateral

displacement of c.g.) in response to a 20 m/s (45 mph) crosswind is 8 cm.

Alternate active control strategies were briefly studied; e.g., accel-
eration feedback (in conjunction with absolute velocity feedback) and heavy
absolute damping, and offer potential advantages since they do not require
the use of gap sensors (which could be a problem in an all-weather environ-
ment) . These alternate strategies achieve acceptable ride quality/stroke per-
formance but require increased grade transition lengths (Table 2-1). Since
evaluation of this tradeoff is clearly route-specific, no optimum ride control

system or strategy can be identified at this time.

*This corresponds to the. long-time power consumption for straight and level
operation. The short-time multimode power demand for negotiating a 1 km
transition to a 2% upgrade is ~ 150 kW; comparable power for a downgrade
is ™~ 60 kW.
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(2) Magnets. The liquid helium-cooled, superconducting, levitation/
guidance magnets are fabricated of niobium-titanium multi-filament twisted
wire, wrapped on a stainless-steel racetrack-shaped coil form approximately
0.5 m (19.7 in.) wide by 1.5 m (59.1 in.) long. Levitation and guidance
forces are transmitted from the coil to the top of the evacuated dewar struc-
ture via epoxy-fiberglass struts specially designed for low heat conduction.
Each magnet supports 1/8 of the weight of the vehicle at the design clearance
and speed, and operates at ~ 350,000 ampere-turns in the persistent mode; the
coil winding is intrinsically stabilized, with a current density of 300 A/mmzﬂ
Active shielding is accomplished with a 0.5 x 1.5 m bucking coil mounted
within each dewar and 30 cm above the levitation/guidance magnet; the maximum
magneti¢ field at the seat level in the vehicle passenger compartment is held
to acceptable levels (~ 70 gauss) without severe weight penalty.,* Overall
magnet lift/weight ratio is ~ 16.8 with the shielding coil; heat leak per
vehicle is 20.8 W.

A closed-cycle refrigeration system is provided, consisting of two
electrically-driven Claude cycle expansion engines served by a single com-
pressor, with an additional back-up compressor for added reliability. The
assoclated cryogenic system includes l6-liter liquid helium storage containers

inside each magnet dewar, transfer lines, etc.

B. Structure and Configuration. The basic vehicle structure employs

alrcraft-type aluminum sheet-stringer construction, modified in fore and aft
sections to support the levitation and guidance magnets, landing wheels, and
the propulsion system. In these areas, an I-beam structure replaces the
sheet-stringer construction below the floor level. "Z'" section transverse
frames 5.1 cm (2 in.,) deep are provided on 45.7 cm (18 in.) centers to sup-
port the outer structure and prevent buckling during compressive loading.
The outer structure consists of 0,102 e¢m (0.040 in.) thick 2024-T3 alloy
sheet flush-riveted to stringers 15.2 cm (6 in.) on centers. A 1.27 cm
(0,5 in.) thick aluminum honeycomb-core floor panel is provided, supported

by 20.3 cm (8 in.) déep transverse U-channel members tied to the side frames.

The vehicle structure is essentially a lightly loaded, very stiff hollow

beam configuration. It is designed for a fundamental bending frequency of

*Maximum magnetic field occurs directly over the magnets, the average magnetic
field in the passenger compartment is approximately > to 10 gauss,
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4 to 5 Hz, which is substantially larger than the suspension heave-motion
frequency and avoids the necessity for considering structural elastic effects
on ride control system design. The baseline structural design approach has
been extended to encompass larger vehicles (up to 140 seats) and different
seating arrangements. A small decrease in bending frequency is allowed,
however, since excessive structure weight would result with the longer
configurations if the bending frequency is held constant. Preliminary
vehicle synthesis analyses show that the 140-seat configuration exhibits

24% less energy consumption per passenger than the baseline 80-seat vehicle;

the optimum seating arrangement for the larger vehicle is 2 + 3.

The particular vehicle cross section required to straddle the hat-shaped
guideway is a favorable shape. It results in a high section modulus and a
relatively short vehicle since the part of the structure below floor level
provides for convenient packaging of the suspension elements, wheels, fuel
and additional cargo. Both factors contribute to a lightweight, low power

vehicle design.

C. Propulsion. The.baseline propulsion system is compriséd of twin
rear-mounted ducted Q-fans, remotely driven by twin regenerative gas turbine .
engines. The regenerative engines provide high operating efficiency; cruise
specific fuel consumption is estimated at 5.63 x 10-4 kN/MJ (0.34 1b/hp-hr).
The Q-fan is a product of Hamilton Standard Division of the United Aircraft
Corp. and is specifically designed for low-noise operation. Noise suppression
materials and techniques are also applied to the engines as well as inlet/
exit ducting for both the fans and the engines. Estimated total propulsion
system noise for level, no-wind cruise at 134 m/s is 86 dbA¥ (at 15 m sideline
distance) ; for maximum power operatioﬂ during acceleration or at 134 m/s on
a 2% grade with 13.4 m/s (30 mph) headwind, the noise level is 92 dbAl(at
15m). A further reduction in propulsion system noise (~ 5 to 6 db) is ‘
achievable by Sliéhtly increasing the separatioh distance between the fan
inlet and the top surface of the vehicle or moving the propulsion system to
the front of the vehicie. The Ducted Fan/GT system is a reliable lightweight
concept (80,6 KN (18,000 1b) including fuel with 15% reserve) with good

*At 134 m/s, the vehicle self-generated (aerodynamic) noise is estimated
at 92 db4, also at 15 m (50 ft).
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acceleration (0-134 m/s in ~ 180 sec), relatively low energy consumption,
and the lowest total cost (including guideway) of all the propulsion systems
studied. It is entirely self-contained, thereby permitting complete freedom
in guideway selection. Also, it supplies all propulsion necessary for off-
line (including switching) as well as on-line operations. Thrust control is
provide& by varying fan blade pitch; emergency braking can also be provided
with full pitch reversal, If necessary, the gas turbines can be operated on
a variety of chemical fuels (fossil or synthetic). With current design
techniques, exhaust emissions are controllable to very low levels, particu-

larly on a passenger-km basis.

2.3.2 Guideway

The hat-shaped guideway configuration is preferred for its favorable
stability characteristics, its compatibility with the proposed passive
failsafe switch concept, its low cost, and the fact that it can be fabricated

quite easily with standard slip-form highway construction techniques,

A, At-Grade Construction, The at-grade guideway is essentially a

continuously-reinforced concrete slab 20.3 em (8 in.) thick and 3.05 m
(120 in.) wide, laid on a treated, compacted combination of fill materials;
the roadbed preparation is similar to that for airports and interstate
highways. The steel reinforcement is employed with appropriate~size and
stand-off distance so as to minimize its influence (drag) on the vehicle.
The central "spine'" is a reinforced concrete beam, 79 cm (31 in.) wide and

53 em (20.7 in,) high, anchored to the primary slab.

The guideway levitation elements are 2.54 cm (1 in.) thick, high con-
ductivity aluminum (1100-H14 series) plates fabricéted in L-shaped sections
approximately 30 m (100 ft) in length. The aluminum sections are laid end-
to-end with transverse gaps on the order of 2 to 3 cm wide, and attached to
the concrete surfaces in a manner which permits longitudinal expansion, thus
avoiding buckling due to thermal expansion. The use of nearly pure aluminum

is essential for achieving a high vehicle magnetic lift/drag ratio.

Since the aluminum plates are non-structural elements, the roughness of

the guideway is essentially the roughness of the supporting concrete surfaces.



The roughness for the long wavelengths of interest is dictated by the founda-
tion under the concrete, i.e., the roadbed characteristics. On the basis of
airport runway evaluation — which generally shows minimal time-dependent
roughness degradation — no design allowance for post-installation adjustment
is deemed necessary for good soil conditions. Preliminary analysis of
conventional roadbed grading and concrete-laying techniques indicates that
the achievable guideway vertical roughness level (at the appropriate wave-
lengths) is actually less than the roughness level used for the vehicle
dynamics analysis, The lateral roughness level of the central guideway spine
is expected to be even lower, so there is potential for further improvement
in ride quality without resort to non-standard (i.e., expensive) construction

techniques.

B. Elevated Construction. The baseline elevated guideway design
approach is predicated on cost and the guideway influence on vehicle dynamic
response. The conceptual TMLV revenue vehicle has a low natural frequency
(0.6 Hz) with minimal relative damping; this results in a girder design which
is relatively light and flexible compared with those designed for a more
highly damped tracked air cushion vehicle. The baseline design (Frontispiece)
employs simply supported pre-stressed concrete box-beam girders with a depth
of 1.07 m (3.5 £t) and a span of approximately 23 m (75 ft). The beam has
an integral top cap 15.2 cm (6 in.) thick by 3.05 m (10 ft) wide; this cap
and an attached central reinforced concrete spine serve as the riding sur-
faces of the guideway. The box-beam girders are supported on columns with
sliding joints at one end to accommodate differential thermal expansion,
and pinned joints at the other end to transmit longitudinal loads. A uniform

pre-stress is employed to eliminate post-fabrication camber effects.

C. Switching. To avoid long radii of curvature and excessive switch
size, all switching operations are designed to take place at low speed;
i.e., at or below the lift-off speed of 30 m/s (67 mph). Upon slowdown to
this speed, the wheeled suspension bogies are extended down and out from the
vehicle envelope to engage non-movable L-shaped reinforced concrete ramps
located outboard of the main guideway., These ramps subsequently rise above
the guideway and lead to an apron where the vehicle can "taxi" to the appro-
priate loading platform. The maneuver is similar to current aircraft proce-

dure; the forward bogies are fully steerable to facilitate the taxi operation.
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The passive method of switch operation permits the "express' vehicles
to pass through the switch area at top speed with complete safety. TFailure

to extend the wheels also permits a vehicle to pass through the switch area

without danger. Premature wheel extension is precluded by means of a dynamic
pressure activated linkage, similar to that used on aircraft to prevent

inadvertent landing gear extension at high speeds.
2.4 ALTERNATE PROPULSION SYSTEMS

I1f necessary, the Revenue TMLV can be propelled electrically — by ény
one of a number of systems currently in various stages of research and
devélopmént. These include the single-sided linear induction motor (SLIM),
the linear synchronous motor (LSM) and a superconducting rotary electric
motor (REM) used in conjunction with ducted Q-fans. The guideway cost for
all of the electric systems studied is substantially larger than the basic
(non-electrified) guideway required with the Ducted Fan/Gas Turbine system.
The effect of this increased cost, however, can be reduced if very high pas-
senger capacity is achievable and/or the cost of chemical fuels becomes large

in comparison with the cost of electricity.

The SLIM has the most development effort behind it; it is reasonably
efficient but is excessively heavy — about 105 kN (23,600 1lb) with onboard
power conditioning. This results in high energy consumption, but the problem
can be pértially alleviated by employing wayside power conditioning Wifh an
associated 50% reduction in onbeoard propulsion system weight. Although not
yet demonstrated, wayside power conditioning is probably feasible. High-speed
power pickup is still necessary, however, and the motor appears difficult to
switch — at least under the switech criteria established for all propulsion
concepts studied herein, Preliminary analysis indicates that the (narrow-
gap) motor cannot be suspended from the (large-gap) vehicle without the
suspension forces adversely affecting vehicle ride quality and/or stroke,
However, this problem is resolvable in principle by operating the motor as
a tug, i.e., with its own separate suspension system — which could be an air’
cushion or a stiff, short-stroke repulsion magnet system. However, this
approach seems overly complex and the dynamical incompatibility between the
motor and. the vehicle is not likely to be easily resolved. For this reason,
the linear induction motor does nbt appear attractive for a Repulsion MAGLEV

system.
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The LSM is at a very early stage of development, but appears to have
substantial potential for Repulsion MAGLEV applications. Thrust forces are
developed by interaction of ¢nboard superconducting magnets with a moving
electrical field generated in "meander' coils embedded in the guideway and
carrying large currents, appropriately phased and switched. The prinecipal
advantages of an LSM are that it is a large-gap (30 cm) device, no power
pick-up is required, and, depending on the design, good power transfer
efficiency (v70%) can be achieved. Principal disadvantages are that more
and higher-current superconducting magnets are required on the vehicle
leading to additional shielding problems and the problem of combining levi-
tation and propulsion functions in the same set of magnets since efficlent
designs for these functions are at cross purpeses. That 1s, long narrow -
levitation magnets give high magnetic lift/drag, while many short, wide
magnets result in efficient L3M propulsion. in principle, the LSM can
also provide for vehicle ride control as well as for propulsicn. Prelimi-
nary analysis, however, shows that this would require additional active
guideway surfaces with substantial increase in guideway cost and complexity.
Also, there is no clear system advantage connected with LSM control of
vehicle dynamic motion. While the optimum LSM configuration is unknown at
this time (in terms of number and size of vehicle magnets, guldeway voltage,
current and frequency), the LSM shows good potential for improvement and
merits further study, particularly when "trained" vehicles are considered.

The REM-driven ducted fan concept is a lightweight propulsion option
for MAGLEV if the superconducting motors can be developed at the target
values of weight and volume used herein., Current U.S. Navy development

efforts on supercconducting motors and generators should provide early verifi-
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cation of these estimates. However, energy consumption is the highest of
all systems studied, due to the combination of low fan/duct efficienty

and low efficiency for the electric genersation, distribution, and collec-
ticn process. Nevertheless, no reaction rail 1s reguired and the total
guideway cost is the lowest of all the electric systems. Alsc, switching
is made easier by the system's ability to provide propulsion for off-line
as well as on-line operations. From a systems viewpoint, an additional
advantage could result from using this concept as a back-up to the baseline
Ducted Fan/GT system. For example, if the Revenue system is initially
implemented with gas turbine drive, the superconducting REM drive could
be gubstituted with minimal design change at such time that electric power
is deemed necessary.

An advanced concept propulsion system — the superconducting paddle wheel
— was also considered and shows long-teyrm potential. With this coﬂcept, an
onboard circular array of superconducting magnets is rotated about‘an axis
perpendicular to the longitudinal axis of the vehicle. Both thrust and lift
forces (or even drag for deceleration) can be developed by interaction of the
moving magnetic field with the aluminum guideway elements, depending upon the
peripheral sPeedlof the magnets. An integrated propulsion/levitation System
is thus possible; propulsive efficiency is high (~ 65%) and, when driven by
regenerative gas turbines, the concept has the lowest energy consumption of
all the systems studied. Basic feasibility has not been demonstrated, how-
ever, and this concept cannot be considered a realistic candidate for near-

term application.

2.5 COST ANALYSIS

2.5.1 Baseline System

The Ducted Fan/GT-propelled, 80-seat vehicle estimated production cost
is ~ $2.3 x 106 which includes $272,000 for the ride control subsystem. Basic
at-grade, double-track guideway cost is ~ $2 x 109/km with land at $30,000/
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acre; elevated guideway cost is $3.7 to 4.0 x 106 /km depending on the type of
footings used. The total guideway cost, assuming the NEC mix of at-grade,

elevated, tunnel and bridge elements® and certain ancillary -equipment is

~ $3.3 x 106/km.

The estimated guideway and vehicle costs have been converted to an
annualized basis (with debt service) and combined with other investment costs
(facilities), direct operating costs (fuel, crew, maintenance, and terminal
operations), and estimated indirect operating costs to ascertain total system
cost. For 134 m/s operation over the nominal 750 km route, total system cost

using 80-seat vehicles at twoc minute headway is 4.4 to 5¢/passenger-km for

JP fuel at 5.3 to 10.6¢/liter (20 to 40¢/gal); 16 hr/day operation is assumed,
with a load factor of 60%. Operation with 140-seat vehicles drops the cost

to 2.9 to 3.3¢/passenger-km. For train sets composed of three 140-seat

coaches (also at 2 minute headway) the cost drops further, to about 1.7 to

2.l¢/passenger—km.

With JP fuel costs between 5¢/liter (20¢/gal) and 30¢/liter ($1.13/gal),
the optimum thickness of the aluminum guideway elements is between 2 and 3 cm.
The cruise speed for minimum energy cost is between 80 m/s (179 mph) and
95 m/s (212 mph); cruise speed for minimum total system cost is between
90 m/s (201 mph) and 110 m/s (246 mph) although total cost is not very sensi-

tive to cruise speed for fuel cost up to 15¢/liter (57¢/gal).

2.5.2 Alternate Systems

The estimated vehicle production costs for the five propulsion systems
studied range from ~ $2 x 106 (SLIM) to $2.6 x 106 (paddle wheel). The total
guideway cost variation is from ~ $3.3 x 106/km (Fan/GT) to ~ $4.,7 x 106/km
(LSM). For electricity at 3¢/kw-hr, total system cost for the 80-seat
electrically-propelled systems varies from 5.4 to 5.6¢/passenger-km compared
with 5¢/passenger-km for the Fan/GT system at the same headway and speed,

With l40-seat vehicles, the range is 3.5 to 3.6¢/passenger-km compared to
3.3¢/passenger-km for the Fan/GT, indicating some reduction in the overall

influence of guideway cost with increasing capacity, as expected.

*¥1% bridges, L% tunnels, 16% elevated, 797 at grade.
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SECTION 3
SYSTEM REQUIREMENTS

3.1 OBJECTIVES

The objective of Task I of the TMLV Technology Program is to achieve a
conceptual design of a passenger-carrying MAGLEV ''Revenue'' vehicle and its
associated guideway. The major portion of the Task I study is directed at
the levita;ion and guidance aspects of the problem. The purpose of the con-
ceptual design effort is to provide the basis for the subsequent Task II
experimental program as well as to obtain a preliminary systems evaluation of
the Repulsion MAGLEV concept in the HSGT role. The potential HSGT application
is in the heavily-travelled Northeast and California corridors for the 1985 -

1995 time frame.
3.2 SYSTEM REQUIREMENTS

The primary system requirement is to satisfy the DOT-supplied ride qual-
ity specification given below (Section 3.2,1E) for an 80-passenger vehicle at
all speeds up to 134 m/s (300 mph). The secondary requirement is tc meet vari-
ous other criteria related to a high-speed passenger-carrying gystem 10 to 20
years in the future, The secondary criteria specified herein should be
regarded as goals, sinée further system studies are necessary before firm

requirements can be established,

3.2.1 Operational Goals

A, System Capacity. The passenger demand for a high-speed TMLV System

for the Northeast Corridor in the 1985-1995 time period is projected as
approximately 40 to 50 x 106 per year. Sufficient capacity must be provided
to serve this level of deménd, with provisions for future traffic growth, A
nominal peak capacity of 10,000 passengers per hour per guideway is an objec-
tivé. Freight has not beenrconsidered, although it offers an attractive

means of increasing the utilization of the system (i.e., at night).

B, Operating in Trains. The conceptual studies considered only single

coaches. However, analysis shows that the operation of multi-car trains is
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necessary to provide safe headway for the peak passenger capacities; thus
the system should eventually be capable of operating vehicles either separately

or in trains.

C. Passenger Capacity Per Vehicle. The nominal baseline coach contains

80 passenger seats although the effect of larger numbers of passenger seats

has been investigated in the System Studies (Section 5).

D. System Control. Much of the system for maintaining speed, headway,

switching, etc., 1s expected teo be fully automatic, with over-riding manual
systems and onboard operators for abnormal operating conditions and as a
safety backup.

E. Switching. High-speed switching (45 m/s or 100 mph) is impractical,
and a2 nominal switching speed of 30 m/s (67 mph) is used. Passive ''fail-safe"

switches will be required, and through-traffic should be able to pass switches

without reducing speed.

F. Headway. All vehicles will operate under & safe stopping headway

policy based on the normal or service braking rate of 0.15 g.

3.2.2 System Performance Reguirements

The following cruise and acceleration performeance requirements apply to

single coaches only, not operation in trains.

A, Thrust - Speed. The nominal cruise speed is 134 m/s (300 mph), and

the propulsion system should have sufficient short-duration performance to
provide this speed on a positive 2% grade with a 13.4 m/s (30 mph) headwind.
The maximum duration of the 134 m/s speed for a 2% grade, 13.4 m/s headwind is
20 minutes. The propulsion system shall be capable of one hour cperation on a
" level grade with a 13.4 m/s headwind. Continuous operation is required for a

level grade, no headwind cruise at 134 m/s.

B. Acceleration. The propulsion system should have the capability of

providing sufficient short-duration thrust to accelerate a 445 kN (100,000 1b)
vehicle on a positive 2% grade with a 13.4 m/s headwind through the lift-off
drag peak (which occurs at ~ 30 m/s). The average acceleration between lift-
off and 134 m/s for the level grade, no headwind condition should be approxi-
mately 0.08 g. The peak vehicle acceleration for any condition shall not

exceed 0.15 g.
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C. Normal Braking. The normal or service brake system shall be capable

of decelerating a 445 kN vehicle at the normal limit of 0.15 g on a 1% down-
grade with a 13.4 m/s tailwind. Normal stops should not exceed the jerk limit

of 0.03 g/sec.

D. Emergency Braking. The emergency braking system shall be independent

of the normal braking system or wayside power pick-up (if any), and shall be
capable of decelerating a 445 kN vehicle at the 0.4 g emergency limit on a

1% downgrade with a 13.4 m/s tailwind.

E. Ride Quality.* Under any normal operating conditicn and all speeds

below 134 m/s (300 mph), the following DOT-specified values of sustained or
steady-state acceleration and rate of change of acceleration (jerk) shall not

be exceeded at any time:

Sustained
Direction Acceleration (fg) Jerk (tg/sec)
Longitudinal 0.15 0.03
Lateral .08 0.03
Vertical 0.10 0,04

These are human-comfort criteria, thus the response of the vehicle should be
accounted for in determining the conditions sensed by passengers. According
to Ref, 3-1, these limiting values do not apply to cabin vibrations but are
based on vehicle maneuvers which result in durations exceeding 1 to 2 seconds.
An additional passenger ride comfort constraint given in Ref, 3-1 is a maxi-
mum roll rate of 15°/sec., and this value has been used as a nominal value

for this system,

The spectral composition of acceleration/time histories over any sample
collected over a l-km length of guideway or greater, over the frequency range
of 0.1 to 50 Hz, shall not exceed the limits shown in Figure 3-1, Comparison
with Figure 3-1 shall be made on the basis of a power spectral density analy-

sis with a frequency resolution of 1 Hz intervals in the passband.

“*Requirements for the aluminum levitation/guidance elements are given in
Section 4.5.1A. The roughness index, A, used in this analysis is
1.5 x 1075 m (5 x 1078 ft).
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T. GCuideway Superelevation and Vehicle Bank Limits., The radii or guide-

way curvature required to satisfy the ride quality specification given above
can obvicusly be reduced by the use of guideway banking (superelevation) and/
or vehicle cabin bank, The guideway superelevation for a vehicle which dces
not have the capability of rolling the cabin with respect to the undercarriage
is normally limited to approximately 10°, since greater angles are uncomfort-
able for passengers should the vehicle stop or negotiate curves considerably
below the design speed of the curve (Ref. 3-1). The maximum vehicle bank
angle is 24.6° which includes any guideway superelevation.* For any speed,

a 24.6° bank angle and the specified 0.08 g lateral acceleration limit define
the minimum radius turn. Typical results are shown in Figure 3-2 for speeds
of 134, 89.3 and 45 m/s (300, 200, and 100 mph). The curves labeled "coordi-

nated turn'" denote a turn with no lateral acceleration.

The minimum vertical radius of curvature for a transition»to a grade at a
nominal cruise velocity of 134 m/s (300 mph) is 18.3 km (60,000 ft), At
89.3 m/s (200 mph), this value is reduced to 8.1 km (26,670 ft.). CombinedA
horizontal and vertical curves, in general, require larger radii of curvature
than either the horizontal or vertical case, and must be calculated for the
parameters of interest. The acceleration limits at the beginning or end of the

transition sections are dictated by the ride comfort values given above.

G. Operation in Crosswinds and Gusts, The vehicle shall be designed to

operate normally (i.e., without exceeding the ride quality limits) for con-
tinuous winds and sharp-edged gusts up to 20.1 m/s (45 mph). The encounter
with a "sharp-edged" crosswind (a sﬁatial step function in wind velocity) is
likely to be the worst aerodynamic loading condition, and can occur as the
vehicle emerges from a sheltered portion of the guideway into an open area
where a 20 m/s crosswind is blowing (Ref. 3-2). The design value of 20 m/s

is based upon the British Tracked Hovercraft study (Ref, 3-3), which demon-
strates that wind gusts of this magnitude are not likely to be exceeded 99.5%
of the time for a three-second gust for a Mildenhall, England location. Since
the Mildenhall data are similar to that for the Northeast Corridor or the

California Corridor of the United States, the 20 m/s value is used for these

*Dictated by the vertical (heave) acceleration constraint of 1.1 g.
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studies. The vehicle can operate safely at crosswind speeds greater than

20 m/s, however at reduced vehicle speeds, based on early warning from guide-
way anemometers., If a warning is not received, then this is classified as an
abnormal operating condition and the ride quality could be exceeded until the

vehicle speed is reduced or the crosswind velocity abates.

3.2.3 Environmental Requirements

A, Vehicle Noise. The primary noise sources at cruise speed are the

noise radiated from the vehicle boundary layer and wake, and the noise from
the onboard propulsion system, The latter source may emit negligible noise if
an electrical motor is used and power is supplied from the way-side. However,
the noise of the electrical pick-up must still be included. The noise "limits"
specified in Ref. 3-4 for High-Speed Ground Transportation Systems are listed

below.

FRA/DOT Specified HSGT Noise "Limits"

Exterior Noise "Limit" at Cruise Speed....... 73 dbA

Exterior Noise "Limit'" Braking, Idling,

in Terminals'I"lllllCI.llI‘ll.l..ll.-lll.l..- 63 dbA

e 50 feet from vehicle centerline,
measured at 90° to guideway for
cruise speed, measured 50 feet
in front of and behind the nearest
noise source on the vehicle for
braking, idling, or in terminals

© Includes specified tone corrections

Interior Noise Limits:
- Passenger compartment.....sccseeese02... 03 dbA
- Crew compartment..,svvevessssssnsssanass 75 dbA

However, the noise of the vehicle passing at 134 m/s without onboard propul-
sion has been estimated to be gsubstantially higher than the 73 dbA "limits"
(Section 4.2.5). Therefore, a more realistic requirement has been set for a
propulsion system, i.e., the noise level of the propulsion unit shall not

exceed either 73 dbA or the noise level of the vehicle without propulsion
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when moving at 134 m/s, whichever is higher. Firm requirements for lower
speeds ha&e not been established, but tentatively a goal of maintaining the
propulsion system sound level at or below the vehicle aerodynamic noise level
down to.the speed where 73 dbA is reached has been set. The final noise
regulations that are used for HSGT systems should be based on the effect of

the noise on people along the guidway and inside the vehicle.

B. Emissions for Onboard Gas Turbines. The use of an onboard gas tur-

bine for driving a ducted fan or a superconducting paddle wheel has several
advantages, however the noise and emissions must be within acceptable limits.
Noise goals are summarized in the previous paragraph. The initial emission
requiremeﬁts used in the study were based on the information given in the
DOT "High Speed Ground‘Transportation,Alternatives Study'" (Ref. 3-5). The
values for emissions for a nonregenerative gas turbine wére 1.4, 5.2, and
4.4 lb/]_O3 hp-hr for unburned hydrocarbons (UHC), carbon monoxide (CO) and
oxides oflnitrogen (NOX), respectively®, Values for fegenefative gas tur-

bines were approximately a factor of two lower.

A study of the Alternatives Study emissions revealed they were based
upon automotive gas turbines having a pressure ratio of about 1/4 that of the
aircraft-type gas turbine required for MAGLEV applications. ‘Alsc the factor
of two reduction between nonregenerative and regenerative turbines is appar-
ently due to an assumed 50% reduction in specific fuel consumption (SFC).
Such an improvement in SFC may be possible for automotiﬁe turbines, but is
unrealistic for the high pressure ratie turbines for MAGLEV. Finally, the
emissions given gbove were based on operation at constant power, whereas a
more realistic approach is the use of a complete operating cycle where idle
time is considered (where UHC and CO are highest), as well as acceleration
and cruise. (NOx is highest at maximum power, and appears to be the biggest

problem.)

*Ref., 3-6 was given as the source of the information on gas turbine emissions.
However these original values were considerably lower than that quoted in the
Alternatives Study, i.e., 0.48, 5.4, and 3.4 15/10% hp-hr for UHC, CO, and
NOy, respectively. For a regenerative system the values were exactly a
factor of two lower,



To alleviate the problem of defining a pollution level based on automo-
tive applications, the Environmental Protection Agency (EPA) standards for
aircraft engines are used for the emission calculations (Ref. 3-7). ‘This

standard is listed below.

1979/81 EPA STANDARD FOR P2 CLASS (TURBOPROP) AIRCRAFT ENGINES

(Grams of pollutant per kilogram of fuel burned or
pounds of pollutant per 1000 pounds of fuel)

TOTAL UNBURNED CARBON OXIDES OF
HYDROCARBONS (UHC) MONOXIDE (CO) NITROGEN (NO,)
-IDLE- -IDLE- _ - -MAX. POWER-
4 l 20 10

(To apply these standards to a turbine-powered vehicle, it is first necessary

to define a route profile and the corresponding turbine cycle (i.e., horsepower/
time requirements), then determine the percent of maximum UHC, CO and NOx
emissions and SFC as a fuﬁction of horsepower for the particular gas turbine

of interest. These factors can then be combined to yield the total pollutants
emitted for the cycle or pollutants per horsepower-hour-cycle. Note that the
proposed emission standards for aircraft published in Ref. 3-8 are considerably

higher than those given above when converted to a typical cycle,)

Articles published in the past have referred to electric proﬁulsion from
wayside power pick-up as ''pollution-free," however this is misleading. Most
of the electrical power geﬁerated between the present time and at least the
year 1990 will be from the combustion of fossil fuels (Ref. 3-5). This type
of power plant emits pollutants which must be accounted for in comparing the
overall emissions of gas turbines with electric motors. As nuclear power and
electrical power from other non-fossil-fuel sources becomes more important,

the power plant-generated pollution should then be proportionately reduced.

C. Magnetic Field/Shielding. The superconducting levitation magnets

generate an intense magnetic. field close to the magnet coil, e,g., ~0.15 to
0.2 tesla (T) (1500 to 2000 gauss) at 0.3 m above the coil for the worst case
of no magnetic shielding and the vehicle is at rest. The field is roughly

0.04 T (400 gauss) at the floor of the passenger cabin for an unshielded



magnet if the vehicle is not moving, and 0.02 T (200 gauss) when moving at
high speed (Section 4.3,1B). Since no environmental requirements now exist
for magnetic fields, what are believed to be realistic limits are specified

in order to determine the amount of magnetic shielding required for passengers.

Reference 3-9 summarizes the pre-1970 literature on the biological effects
of magnetic fields with emphasis on human exposure to static fields, Since
that time there have been no decisive biomagnetic experiments which show harm-
ful effects to man in fields of 0.1 T (1000 gauss) or less, AHowever, much
lower fields can cause some problems, for example a field of 0.02 T (200 gauss)
will affect the operation of some watches and may influence electronic pace-
makers, A field of 0.005 T (50 gauss) or less will affect some sensitive

electronic equipment.

In a recent paper, Beisher and Reno (Ref. 3-10) reviewed the literature
on biomagnetic effects and included some recommended limits for human exposure
to magnetic fields., These recommendations come from twoc sources: the Stanford
Linear Acceleration Center (SLAC) and the Soviets. The SILAC limits were based
on biomagnetic research on animals and also experience gained through main-
taining careful records on exposure of members of the Center. The Soviet
recommendations were based on studies of long-term health records of workers
engaged in the fabrication of permanent magnets, The recommendaticns are
summarized below.

RECOMMENDED LIMITS OF HUMAN
EXPOSURE TO MAGNETIC FIELDS FOR EXTENDED PERIODS (HOURS)

(REF. 3-10)
Type of Exposure SLAC USSR
Whole Body or Head .200 Gauss 300 Gauss
Arms and Hands 2000 Gauss 700 Gauss

Taking inte account factors such as recommended limits to human exposure,
inconvenience to passengers, problems in shielding the magnetic field to low
levels, etc,, the following recommendation is made: The maximum whole bedy or
head exposure for passengers and crew will be 0.008 T (80 Gauss), and the

maximumr magnetic field at any point in the passenger compartment which is
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accessible to people will be 0.02 T (200 Gauss). Potential problems with
onboard electronic equipment will be alleviated by the proper selection of
components, locating the equipment away from the magnets, and additional local

shielding of equipment, if required.

D. Other Environmental Effects. Abrupt cabin pressure changes upon

entry and exit from tunnels and the less severe case of pressure changes on
grades must be avoided, and the obvious solution is the use of a sealed, pres-
surized cabin, The discomfort experienced by a person by a reduction in pres-
sure depends on the rate of change of pressure and if the middle ear can
adjust to it (Ref. 3-11). Any pressure changes due to cabin conditioning sys-
tem should be limited to a rate of less than approximately 0.005 psi/sec, and
the pressure change from the initial ambient must be limited to a few tenths

of a psi.

The envirommental impact of the elevated or at-grade guideway, passenger
terminals, parking lots, and other facilities should be minimal. This effect

is highly route-specific, and requires careful planning and design,

The visual effects of nearby objects passing the vehicle at high speed
has an unsettling effect on people. Optokinetic (train) nystagmus and inter-
mittent photic (flicker) stimuli must be maintained within acceptable levels
by not having large vertical objects close to the track and/or restricting the
visual field of the passengers. The latter may be accomplished by limiting
the location, size, and number of side windows or having a technique of making
the windows partially opaque when high speeds are reached. Envelopes of

critical optical effects are given in Ref. 3-11.

3.2.4 Route Characteristics

A 750 km (466 mi,) linear, double-track route with five intermediate
stops 18 selected to permit meaningful evaluation of energy consumption
(acceleration, deceleration, and station idle operation), switch location and

associated off-line loading arrangements, passenger handling capacity, etc.

Deceleration from cruise speed into each city area takes place at 0.15 g
with subsequent station dwell for two minutes to allow for passenger loading

and unloading. Acceleration time and distance out of the station and up to

3-11



cruise speed varies depending upon the particular vehicle and propulsion com-
bination under analysis. Between the cities, 10% of the route (75 km) is
assumed to have g 2% grade with a simultaneous headwind of 13.4 m/s (30 mph);
the remainder of the intercity distance corresponds to level, no-wind operation

at cruise speed.

3.2.5 Safety and Religbility

Detailed safety requirements have not been determined, however guidelines
for various aspects of system safety have been formulated. The safety of.any
passenger-carrying system is of the highest importance, This is best accom-
plished during the design phase by conservative design approaches, redundant
systems, and other standard safety techniques. The design objectives are that
no accidents occur during normal operating conditions, and any malfunction
that could result in an unsafe condition occur in a fail-safe manner (Ref. 3-11).
It is anticipated that many of the aircraft-type safety procedures will be

specified, particularly if gas turbines are used.

A. Vehicle Safety. Provisions will be made for automatic fire detection

and extinguishing. Fire retardant and nontoxic materials will be used for the
interior. The loading/unloading doors will be designed so that the passengers
and crew can evacuate quickly. The vehicles will be designed to act as energy
absorbers in event of a collision to minimize injuries. Braking the vehicle
will be:accomplished by two or three systems, with fail-safe provisions. Switch-
ing will be accomplished by onboard mechanisms which do not rely on moving any
guideway element. This allows the vehicle to pass safely through the switch

in event the switching mechanism fails.

The levitation system will have redundancy in the key components such as
the 1ift magnets. Thus, failure of a single magnet will not result in contact
with the guideway. The magnets will be protected from contact with the guide-
way by wheels and skids, and protected against the impact of small iron pieces
attracted by the magnetic field by an external shroud. The baseline propulsion
system has two separate and independent engines so that in the event of an engine

failure the vehicle can reach the next terminal (at reduced speed) for repairs.
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B. Guideway Safety. The guideway structure will be designed to withstand
all normal loads, The design wind loads will be 45 m/s (100 wph) for the

Northeast corridor with no vehicles operating, and 27 m/s (60 mph) with the
vehicles operating. The normal height of the vehicle above the guideway

(~ 19 cm) allows it to pass over relatively large objects, as well as a con-
siderable amount of ice, snow, sand, etc., Low-speed areas will probably require
clearance and the removal of most of the ice and snow due to the reduced
clearance and the use of wheels. Selection of the final guideway shape will
depend, in part, on the tendency to collect snow and other debris and the

ease of removal. A system for the detection of objects on the guideway may

be required onboard the vehicle or on the guideway,

Sufficient side clearance must be allowed between vehicles to reduce the
passing loads to reasonable levels (~ 10 ft. at 300 mph). The right-of-way
must be complefely dedicated, i,e,, no grade crossings are alléwed. Fencing
must be provided at the edges of the right-of-way to prevent people or animals
from approaching the track or throwing objects directly at the vehicles. The
number of overpasses above the MAGLEV guideway should be minimized, and they
must be fenced to reduce the possibility of objects being dropped on the
vehicles or onto the track. Elevated guideways will be required in some utrban
areas to ensure the safety of the vehicles. This will also help to reduce

the amount of right-of-way required in these areas.

If electrical power is picked up from the guideway, the usual provisions
of protecting people or other objects from contacting the power rails must be
provided. The electrical system must be properly grounded and protected
from overloads caused by lightning, etc., Communication links and the system

for detecting vehicles or other objects on the track must be redundant,
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SECTION 4
SYSTEM DESIGN ANALYSIS
4,1 INTRODUCTION

This section contains the discussion of the design and analysis of the
major components of the system: the vehicle (Section 4.2), the suspension
subsystem (Section 4.3), the propulsion subsystem (Section 4.4), and the
guideway (Section 4.5). The basic purpose of this effort is to obtain a cost-
effective conceptual design of the levitation and guidance elements of a
passenger—-carrying MAGLEV revenue vehicle and its guideway which meets or

exceeds the ride quality standard.

A baseline conceptual design has been selected after considering the many
opticns available; options related tc the types of control strategies, the
magnet design, the propulsion system and its effects on the vehicle and
levitation/guidance elements, the type of guideway and its effects, etc. Pre-
liminary tradeoffs were conducted among these options to cbtain the baseline
system — a system that is feasible for the near term (10 to 15 years). With
development, some of the more exotic systems such as superconducting paddle

wheel propulsion, could well become the optimum system in the future.
4,2 VEHICLE DESIGN

A conceptual design has been performed to obtain a baseline vehiele con-
sidering such parameters as vehicle size and shape, structural design, mass
properties, and subsystems. The philosophy used in this study has been based
on the ultimate purpose of a system of this type — that of providing high-
speed intercity transportation typical of the high-density Northeast and
California corridors in the United States. 'Express' service from one end of
a corridor to the other can involve travel times up to 100 minutes duration,
and a high level pf passenger comfort should be provided during the transit
time, commensurate with other aspects such as vehicle cross-sectional area

and cost.



The vehicle configuration is dependent upon the type of propulsion sub-
system and guideway that is chosen. System tradecffs indicate that a Ducted
Fan/Gas Turbine is the leading propulsion candidate for the near term and that
the hat-shape (wide inverted Tee} configuration is the first checice for the
guideway. The baseline system shown in the following secticns is based upon

these selectiocns.

Since the levitation magnets do not generate lift at zero speed, wheels
must be provided. These support and guide the vehicle up to the lift-off (or
landing) speed of v 30 m/s (67 mph). An arrangement has been devised wherein
the landihg wheels are used to engage a passive switch and enable the vehicle
to switch to an alternate guideway such as into a passenger loading/unloading
station. The Ducted Fan/Gas Turbine propulsion system is relatively simple
and compatible with various switch designs, whereas other systems require
switching a power pick-up and/or complicated guideways such as an active track
(i.e., the LSM). An evaluation of the various propulsion candidates is given

in Section 4.4.6.

4,2.1 General Configuration

Initial weight and size estimates were established for the 80-passenger
vehicle in order to have a common reference point for the structural, aero-
dynamic, and dynamies analyses. The maximum weight was set at 445 kN
(100,000 1b), and the external envelope at 3 x 3 x 30 m (10 x 10 x 100 ft).
Calculations of the propulsion power demonstrated the value of minimizing the
weight, and the detailed weight estimates® for the baseline vehicle resulted
in a gross weight of 366.5 kN (82,400 1b). The external envelope of the base-
line vehicle with the Ducted Fan/Gas Turbine is 3.45 x 2.94 x 33.67 m (11.3 x
9.7 x 110.5 ft). These dimensions are close to fhe original envelope; the
additional 3 m length is required for the extensive sound‘treatment required
in the fan ddct. Details of the overall vehicle configuraﬁion are shown in

rigures 4-1, 2-1 and the frontispiece.

¥ tlon 4.2.4



AATEA ANTGYNLNYA HIIM NOISINdOdd ¥1V - NOILYENIIANOD INITISVE

-7 340914
.’\ /. A /. ‘\11_ H lllllll N %
I ——— )]}
1
{14 19) -
NG'6L i
(L4 G0LL) , N
: X3 T
137INI HIV INIDN3I
LNIWLYVIINOD MIHD
JONVHLNI : AIT1VvVO
SANIFHNL SYD . 3DNVHINIT
AAILVYHINTOIY $390HGHVYM ANV mw<m05
. : - U

ﬂ | A SR 1
/ INIWLHVYJINOD HIADNIASSVd
S3IHOLVAVI ’

$3904AHVM ANV IDVHOLS
JONVHLINI

4-3



Preliminary tradecffs between passenger seating options and the need for
minimum cross-section area (minimum aerodynamic drag), resulted in a vehicle
with a cross section of 8.45 m2 (91 ftz). The baseline design shows the mag-
net modules near the front and rear ends of the vehicle to minimize the magne-
tic field in the passenger cabin. However, if the shielding coils are as
effective as predicted, the magnets can be located directly under the pas-
senger cabin if this is desirable from the standpoint of vehicle ride, pack-

aging, etc.

Discussion of the various propulsion systems available for the vehicle —
including the baseline Ducted Fan/Gas Turbine — is given in Section 4.4. The
general vehicle configurations for these different propulsion systems are also

shown in Section 4.4.

4.2.2 Passenger Cabin

Détails of the 80-passenger cabin for the baseline configuration 1s given
in Figures 4-2 and 4-3. A minimum cabin area has been defined consistent with
large seats; seats equivalent to theose of a DC-10 aircraft. The internal
dimensions are a height (headroom) of 2.05 m (81 in.), a width of 2.79 m
(110 in.), and a cabin length of 19.5 m (64 ft). A four-seat row with center
aisle (2 x 2) has been used, with an aisle width of 0.533 m (21 in.). Beoth
the aisle width and headroom dimensions are the same as a DC-9 aircraft., 4

seat pitch of 0.96 m (38 in.) is used to ensure adequate leg room.

The magnets, fuel, and landing/switching gear are located in channels or
 ”sponsoﬁs" on either side of the vehicle. The distance between the fleoor of
the cabin and the bottom of the vehicle is primarily dictated by the diameter
of the landing/switching wheels. The cross section of the wvehicle can be
reduced by placing the magnets and wheels in front of and behind the passenger
cabin and replacing the baseline hat-shape guideway with a U-channel shape,
but this results in a considerably longer vehicle. System tradeoffs demon-

strate that this arrangement is not as optimum as the one shown in Figure 4-2.

Figure 4-3 shows the baseline passenger compartment and service area
arrangement. The seats for the 80 passengers will face forward to take advan-

tage of the higher allowable longitudinal accelerations. Two door openings of
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single passage each are planned for each side of the vehicle for passenger
ingress/egress, At any given time it is likely that only the two doors on

one side will be utilized. The door 6pening will be approximately 0.76 m

(30 in.) wide with a loading/unloading capacity of one passenger per second
(Ref. 4~1). TFor 80 passengers, the loadingAynloading time is 40 seconds (or
20 seconds for an emergency exit from all four doors). Eventually it may
prove economical to add ancther door near the center of the vehicle to improve
the lead/unlecad time, and thus the average speed, particularly if the passen-

ger capacity per vehicle is increased.

4.2.3 Structural Design

A. Introduction. A preliminary structural analysis of the conceptual

vehicle design is presented which defines the primery structural elements and
estimates the structural weight. The calculations are based upon the initial
estimates of a vehicle with a weight of 445 kN and a length of 30 m. Scaling
relationships are developed s0 the structural weight can be estimated for the
baseline vehicle. Since vehicle ride quality requirements limit the allowable
vehicle accelerations, dynamic loading of the vehicle during cruise conditlons
will be low. The most severe bending loads occur at low speeds when the
vehicle drops down on the landing wheels. Normally, the transition from mag-
netic levitation to wheeled support will be smooth; however, a 2 g vertical
acceleration of the vehicle is conservatively assumed for any adverse landing

conditions.,

Since the vehicle structure is lightly lcaded, stiffness considerations
become the primary structural design constraint. To simplify the vehicle
dynamic control problem, the fundamental natural frequencies of the vehicle
structure should be high relative to the vehicle/suspension system rigid-body
heave-motion natural frequency of 0.6 Hz. Calculations basgd cn the assump-
tion that the vehicle could be represented by a uniform free-free beam were
used to predict the value of the bending stiffness required to give a funda-
mental vehicle bending frequency of 5 Hz (Vv 8 times the heave-motion fre-
quency). Based on this goal of 5 Hz, a bending stiffness requirement of
ET = 2530 M¥-u° (8.83 x 10°! 1b-in®) was established. Various structural con-

figurations have been studied in an attempt to meet this stiffness require-

ment, and the selected design is defined below.
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B. Structural Configuration. Aluminum aircraft-type sheet-stringer

construction is used for the basic structure. This structure is modified in
the forward and aft vehicle secticns to support the levitation and guidance
magnets, landing wheels, and propulsion system. In the center section of the
vehicle (the passenger section), the efficient sheet-stringer construction
provides the entire external perimeter of the vehicle. 1In the forward and
aft sections — where large, massive vehicle subsystems must be supported — an
I-beam frame structure replaces the sheet-stringer construction below the
floor level. DNonstructural fairings will be provided to enclose the lower

portion of the vehicle in the forward and aft sections.

The proposed vehicle cross sections are illustrated in Figure 4-4. The
vehicle cross sections employ two stringer designs; the stringers along the
top and bottom of the vehicle are considerably larger than the side stringers
in order to support the higher vertical loads through the vehicle and to com-
pensate for the reduced vertical height in the forward and aft sections. The
lateral stiffness provided by the side stringers is reinforced by the floor

panels and the component support beams.

To prevent buckling during compressive loading, 5.l1-cm-deep (2 in.)
aluminum "Z"-section frames have been specified to support the ocuter structure
every 45.7 c¢m (18 in.). Aluminum honeycomb~core floor panels supported by
transverse beams tied to the frames on each side of the vehicle were designed
to support a 4787 N/m2 (100 lb/ftz) maximum load. All components of the
primary structure are illustrated in Table 4-1 along with tabulated weight

data.

C. Structural Analysis. A lumped-mass-beam analytical model was used to

calculate the fundamental bending frequencies for the vehicle structure. The
weight and stiffness distributions for the model are shown in Figure 4-5.
Fundamental bending natural frequencies of 6.9 Hz and 5.8 Hz were calculated,
assuming the beam model to be simply supported at the lift and guidance mag-
nets (joints 4 and 10 in Figure 4-5). These two frequencies were calculated
for the motion in the vertiéal and transverse planes, respectively. The

fundamental torsional mode was calculated te occur at approximately 6 Hz.
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The 2 g landing condition induces the maximum compressive stresses in
the top of the vehicle and maximum tensile stresses along the bottom. The
axial position of the maximum stresses is approximately midway between the
forward and aft landing wheels. The calculations of the structural margins
of safety during landing are based on the assumption the outer sheet is fully
effective in tension and partially effective in compression. (This is a com—
mon practice in aircraft fuselage stress analysis, e.g., Ref. 4-2.) Margins
of 480 percent to local buckling of the sheet-stringer structure between
frames on the top of the vehicle, and 390 percent to tensile yield along the
bottom of the vehicle are calculated. These results are based ‘on the.proper-—

ties of 2024-T3 aluminum alley construction given in Ref. 4-3.

The possibility of general instability of the vehicle structure (buck-
ling of the sheet-stringer structure through the frames) is prevented by
designing:the frames to be effectively rigid relative to the stringer bending
stiffness, thus forcing the sheet-stringer panels to buckle between frames.
Two approaches are taken to estimate the frame stiffness required, First, the
frame stiffness requirement (EI) is estimated to be 4680 N-mz (1.63 x
106 lb-inz) from data for ring-stiffened circular cylinders presented in
Ref. 4-4. As an alternate approach, the sheet-stringer structure forming the
top of the vehicle structure is assumed to be an orthotropic simply-supported
flat plate, and an analysis predicts a required frame stiffness (EI) of
4220 N~m2 (1.47 x 106 lb—inz). The frame structure proposed in Table 4-1
gives a bending stiffnes (EI) of 40,800 N—m2 (14.2 x lO6 lb—inz) which is
considerably larger than either of the requirements derived above; therefore,

a large margin exists before general instability takes place.

The margin to vielding for the transverse beams supporting the floor
panels is calculated to be 150 percent for a maximum floor loading of
4790 N/m2 (100 1b/ft2). For a nominal floor loading of 1436 N/m2 (30 1b/ft2),

the maximum floor deflection should be no greater than about 0.38 c¢m (0.15 in).

D, Scaling Relationships for Structural Weight. Relationships have

been derived to allow an estimation of the structural weight required for
alternate vehicle geometries and gross weights. The estimated structural

weight can be scaled from the values given in Table 4-1 by assuming certain
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conditions are valid. The primary assumption is that the vehicle structure
is idealized by a rectangular tube with height, h, width, b, length, L, and
gross weight, W. Supporting assumptions are:

o Vertical vehicle stiffness is provided only by the top and
bottom sheet-stringer structures.

@ Lateral vehicle stiffness is provided only by the side sheet-
stringer structures.

o Frame bending stiffness and spacing for the baseline design
is adequate for all configurations te be considered, there-
fore frame weight scales linearly with the vehicle surface
area.

e The weight of the honeycomb-core floor panels scales linearly
with floor area.

¢ The transverse beamé supporting the floor should maintain a
constant floor deflection for all vehicle designs.

With the abecve assumptions, structural weight can be estimated from the

following relations:

= 1. +
Wstructure - 1°2° (WS/S oW Yip + W)
where '
A Y O S A A R S
Ysls T\ w¥ W J\ 2w h wi o el \ o= B w¥, weight o
¥ Z sheet-
stringer
panels
and com-
ponent
support
beams
(b+h) 2

R L {
Ve To*nE) iF WE L weight of frames

bl
L i
wfp TR wfp, weight of floor panels
b\2 (2 )
Wiy T (E—) (E;) , Welght of transverse beams

w and w_ are the desired minimum fundamental bending frequencies of the
Y vehicle structure.
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The values for the initial vehicle design are:
W* = 445,000 N (100,000 1b)
L* = 30.5 m (100 ft) |
h* = 3.4 m (134 in.)

b* = 3.0 m (118 in.)

WT = 18,200 N (4086 1b)
w§ = 13,300 N (3000 1b)
wk = 2570 N {578 1b)
fr
w® = 6310 N (1419 1b)
fp -
* =
Wtb 2600 N (9585 1b)

E. Conclusions. The wvehicle structure described in Table 4-1 and Fig-
ure 4-4 p?ovides adequate stiffness and strength for the expected TMLV envi-
ronment. . A structural weight of 53.4 kN (v 12,000 1b) was calculated for the
primary and secondary structure based on a vehicle 30.5 m long with a gross
weight of 445 kN. As a conservative approach, the structural weight estimate
of 53.4 kN was retained for the lighter, longer baseliﬁe vehicle. This
results in a slight drop in the fundamental bending frequency, but the weight-
length ratio compares favorably with priocr TRW correlations, as discussed in

Section 4.2.6.

4.2,4 Mass Properties

The detailed weight estimaﬁes for the baseline 80-passenger vehicle
powered by a Ducted Fan/Gas Turbine are given in Table 4-2. The results
reflect what are considered to be reasonable estimates of each significant
component '0of the vehicle. The major portion of the total vehicle weight of
366.5 kN (82,400 1b) is contained in the suspension system (66.8 kN or 187%),
the structure (53.4 kN or 15%), the propulsion system (80.6 kN or 22%), and
the passenger payload (71 kN or 197%). The remaining 26% of the weight 1s con-
tained in furnishings, auxiliaries, brakes, and approximately 5% of the total

weight for contingencies.
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TABLE 4-2, DETAILED WEIGHT BREAKDOWN SUMMARY FOR BASELINE

ITEM

MAGLEV VEHICLE

o SUSPENSICON

LIFT/GUIDANCE MAGNET MODULES'" (4 SETS)
CRYOGEN!IC REFRIGERATION(2)

LANDING/SWITCHING WHEELS, BOGIES & BRAKES (4 SETS)
CRYOGENIC PIPING, INSULATION, ATTACHMENTS, ETC.
ELECTRONIC CONTROL FOR LIFT/GUIDANCE MAGNETS

o STRUCTURE

PRIMARY STRUCTURE
SECONDARY STRUCTURE

o FURNISHINGS

SEATS (80)
CARPETING AND LINING
WINDOWS AND EXTERIOR DOORS

o AUXILIARIES

@

(3]

@&

AIR CONDITIONING (AiR CYCLE MACHINES PLUS DUCTING)
AUXILIARY POWER UNIT AND LIGHTING

PARTITIONS AND BAGGAGE RACKS

LAVATORIES (TWO), POTABLE WATER AND TANK

BRAIKES (AERODYNAMIC PANELS & EMERGENCY PARACHUTE)
CREW COMPARTMENT

COMMUNICATICNS

ELECTRICAL DISTRIBUTION

GALLEY

CONSOLE, INSTRUMENTS, & FURNISHINGS

PROPULSION

FANS (TWO 4.5 FT DIAMETER)

ENGINES (TWO ~ 7000 HP REGENERATIVE TURBOSHAFTS
PLUS DUCTS AND NOISE TREATMENT)

FUEL(3} INCLUDING 15% RESERVE AND FUEL TANKS)

FAN DUCTS AND NOISE TREATMENT

. GEAR BOXES

@ CONTINGENCY

®

@

EMPTY VEHICLE WEIGHT
PAYLOAD (100% LCAD FACTOR)

PASSENGERS — 80 PLUS 4 CREW MEMBERS :
(AVERAGE PASSENGER & CREW WEIGHT PLUS LUGGAGE
= 0.845 KN)

e GROSS VEHICLE WEIGHT

4-15

21.8 KN
7.1

19.6
4.4

139

az2.7
10.7

1.0
8.1
5.4

6.2
3.6
7.6
3.6

2.2
8.1
2.7 .
7.6

4.4
17.1

341
21.6
34

WEIGHT

KN (b}

66.8 {15,000)
53.4  (12,000)
24.5 { 5,500)
21.0 ( 4,700)
20.2 ( 4,500)
15.6 ( 3,500)
8.6  (18,200)
13.4 { 3,000)
2955 (65,400}
71.0 (16,000}
366.5  (82,400)

“’INCLUDES LEVITATION/GUIDANCE COILS, SHIELDING COILS, DEWARS AND CONTROL COILS.

(Z)INCLUDES BASIC SYSTEM CONSISTING OF ONE COMPRESSOR AND TWO REFRIGERATORS PLUS
ONE BACK-UP COMPRESSOR.

(3)EVALUATED FOR BASELINE TRIP PROFILE OF 750 KM LENGTH WITH FIVE EQUIDISTANT
INTERMEDIATE STOPS.



Additional details on the weight breakdown for some of the items such as
the 1ift and guidance modules, control electronics, and structure is given in
Secticns 4.3.1, 4;3.5, and 4.2.3, respectively. An average passenger weight
of 716 N (161 1b}) is used, plus 129 N (29 1b) for luggage, clothing, etc.
This is the same as the value used by domestic airlines. Weights of the fur-
nishings and auxiliaries are primarily based upon similar equipment for air-
lines. As in the case of aircraft, it is important to keep vehicle weight as

low as possible in order t¢ minimize the propulsion system power requirements.

Further discussion of weight breakdowns for alternate propulsion systems

and for vehicles with greater passenger capacity are given in Section 5.4.

The location of the baseline vehicle center of gravity is indicated in
Figure 4-6, i.e., 16.22 m aft of the nose and 1,32 m above the bottom of the

vehicle. The estimated moments of inertia are:

@ Roll Moment of Inertia = 6.24 x‘lO4 kg—m2 (1.48 x 106 lbm—ftz)

@ Pitch and Yaw Moment of Inertia = 3.52 x'106 kg-m2 (8,35 x 107 lbm-ftz)
Z =0 AT GUIDEWAY
SURFACE, LEVITATION
MAGNET COIL
HEIGHT =03 M

Scg.
/ NITTISI TS @ 4
COORDINATE SYSTEM -Y +Y

Xog = 16.22 M (53.2 FT)
YCG =0
Zcg = 151 M (495 FT)

FIGURE 4-6, BASELINE VEHICLE CENTER OF GRAVITY LOCATION
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4.2.5 Aerodynamics

A. Introducticn. The aerocdynemics analysis primarily consists of esti-

mating the aerodynamic loads and moments on the vehicle for the design cross-
wind condition. These estimates are made in order to determine the effect of
aerodynamics on the ride quality and stroke, and if the guidance and control
system can accommodate the baseline crosswind forces and moments without
special provisions. The vehicle shape is not aerodynamically optimized.
Ultimately this must be done as well as evaluating the effect of transient
airloads and the investigation of other problems such as passage through tun-

nels, etc.

The baseline system utilizes a hat-shape (wlde inverted Tee) guideway.
The fully exposed sides of the vehicle make it vulnerable to large side forces
and moments induced by crosswinds. Therefore, a brief studf was concerned
with the design changes that may ultimately be required to alleviate the
crosswind problem. A summary of the results and recommendations are given

below. Additional details of the aerodynamic analyses are piven in Ref. 4-5,

B. Aerodynamic Data. The data of Grunwald (Ref. 4-6) have been selected

as the basis for the aerodynamic coefficients after a review was made of the
limited information applicable to vehicles exposed to a crosswind in ground
proximity. Grunwald's report represents the most comprehensive and represen-
tative compilation of data at this time. However, even these data have short-
comings when applied to the conceptual vehicle, particularly for the 1lift and

pitching moment coefficients.

The first category of problems involves the test setup of Grumwald, and
at least three differences exist between the test technique and actual MAGLEV
operation. First, the moving grcund plane fails to simulate properly the
resultant wind-to-ground angle and velocity, as observed by Bowman (Ref. 4-7)
and Ruetenik (Ref., 4-8). TFor the best simulation, the moving ground plane or
belt should move in the direction of the model axis rather than in the direc-
tion of the tunnel airflow. For this reason, the stationary ground plane
data are used. A second difference between Grunwald's medels and the revenue
vehicle concerns the guideway configuration. The baseline hat-shaped guide-

way has a raised section down the center whereas Grunwald used a flat belt.
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These first two differences will affect the vehicle 1ift and pitching moment.
The third difference exists in the base region. A ducted fan is the base-
line propulsion system, with some or all of the flow deflected into the wake,
while Grunwald used the model base for sting attachment. Also the vehicle
has a partial boat-tail whereas the models did not. The third difference

reduces base drag for the revenue vehicle as compared to the models.

Tﬁe other category of problems relates to the model shape vs. the con-
ceptual shape of the MAGLEV ﬁehicle. Grunwald obtained aerodynamic data for
six body geometries, three of which are more representative of the MAGLEV con-
figuration. Grunwald refers to these shapes as square, triangular, and half-
circle with long extended sides. The square cross section best matches the
current baseline vehicle shape, but considerable differences still exist,
Also the nose shape, base shape and especially the bottom configuration are
considerably different. The overall effect of these differences is unclear.
Tbé triangular and half-circle shapes are aerodynamically superior to the
square configuration in crosswind conditions due to their lower yawing forces
and moments. Therefore these two shapes provide pguidelines for improved
aerodynamic designs. The aerocdynamic coefficients for the square configura-

tion of Grunwald are used to compute the forces and moments for this study.

The aerodynamic analysis was completed before the final vehicle config-
uration was derived. Figure 4-7 presents the shape used in the analysis¥;
the length and width of the vehicle is slightly less than the baseline con-
figuration shown in Figure 4-1. The computed lcads are based on a cross-
sectional area of 8.5 m2 {91.5 ftz), and height above ground (ground clear-
ance) of 0.15 m (6 in.). The large lateral area of the fan ducts is not
included in the analysis. This area will increase the yaw force but reduce
the yawing moment due tc its location well aft of the vehicle center of
gravity. The vehicle/guideway gap of 0,15 m correspoﬁds to a height-to-
effective-circular-diameter (H/de) of 0.045, which is within the range
of values tested by Grunwald. The aerodynamic moments were transferred from
the location used by Grunwald to the center of gravity location shown in Fig-

ure 4-7 by a simple mathematical transformaticn.

*This preliminary vehicle was also used for the structural and dynamic
analyses.
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At the design yaw angle of 8.5° — which corresponds to a 20.1 m/s
(45 mph) crosswind on a vehicle travellng at 134 m/s (300 mph) — the steady-

state loads and coefficients are the values presented in Table 4-3.

TABLE 4-3. DESIGN AERODYNAMIC COEFFICIENTS AND LOADS FOR
STEADY CROSSWIND

FORCE, KN MOMENT, KN-m
PARAMETER COEFFICIENT (LB) (FT-LB)

DRAG Cp = 0.255 24.4 (5480) -
LIFT C_ = -0.085 -8.6 (-1910} -
YAW Cy = 0525 49.0 (11,010) -
PITCH MOMENT C,, = -0.48 - -150 {-110,000)
YAW MOMENT C, =10 | - 320 (237,000)
ROLL MOMENT Cg =-010 - -3 (2210)

NOTE: FAN DUCTS NOT INCLUDED, MOMENTS ABOUT VEHICLE cg

In addition to the design case given above, aerodynamic coefficients and
derivatives are computed from Grunwald's results for three configurations
(square, triangular, and half-circle with extended sides) for yaw angles of
0, 4, 8, and 12 degrees (Ref. 4-5). The yawing and pitching moment coeffi-
cients exhibited the greatest variation with yaw. For high crosswinds, these
moments tend to force the nose away laterally and 1ift the aft end of the

vehicle,

C. Conclusions and Recommendations. Based on the magnitude of the

forces and moments at the 8.5° vaw angle, only the yaw force and yawing moment
appear to pose any potential problems. These lcads, of course, depend on the

bedy geometry,‘and the differences between the test models and the conceptual

vehicle may mean that the Grunwald data are not accurate for the baseline con-
figuration. Further test data are required to determine this. Approximately

a 307 reduction of the yaw force and moment can be achieved by using the half-
circular or triangular shapes rather than the square configuration. As

observed by Ruetenik (Ref. 4-8), rounded corners on the bottom of the vehicle
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are to be avoided since they tend to incréase the side force and make it more
sensitive to H/de. Although aft contrel surfaces (e.g., the fan ducts or a
tail) will reduce the yawing moment, these will alseo increase the yaw force.
No real advantage is realized by the use of a tail for yaw loads. The present
baseline configuration has a relatively large height-to-width ratio, and this
tends teo result in high side forces. If these forces and moments {for appli-
cable test models) prove to be too great a problem for the control system to
overcome, consideration should be given to using a U-channel guideway and a
longer, lower vehicle. A U-channel also provides a better shield for cross-

winds, especially if additional wind barriers are erected along the sides.

The pitching moment is controlled by the lift. The Grunwald data show
the lift for the square configuration to be slightly negative and acts far
forward on the vehicle. Bowman (Ref. 4-9) has found that lift is particularly
sensitive to the nose and tail shape. A minimum 1ift force requires that the
nose stagnation region be kept low to the ground and rounded to the sides.

The base should be square with the vehicle, aveiding the fastback slope. The
vertical portion of the hat-shape guideway will cause a reduction in the
Grunwald-derived 1ift and moments by reducing the airflow under the vehicle.
Since the Grunwald configurations are not similar to the revenue vehicle nose,
tail, or guideway; the lift and pitching moment data are probably only repre-
sentative in magnitude. The conceptual revenue vehicle will likely have a

slightly negative lift and moment.

The rolling moment is very small since the center-of-mass is near the
geometric center of the vehicle. Vehicle drag was not investigated in detail
since it does not significantly affect stability; additional information on

the aerodynamic drag coefficients is given in Secticn 4.2.6B.

The problems associated with the theoretical predictions of subsonic
aerodynamics in the presence ¢f a ground plane and the configurational and
test set-up problems with the existing test data make it necessary to have
extensive subscale tests of the shapes of interest prior to the fabrication
of any full-scale vehicle. One important problem that must be addressed
further before testing is how to obtain the best simulation of the ground

effects and crosswinds. Wind-tunnel testing should provide accurate
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measurements of the side force and yawing moments. The data cbtained by NASA
(Ref. 4-6) and Hovercraft (Ref. 4-10) show that lift and pitching moment vary
substantially with body and guideway geometry, but side force and yawing
moments remain nearly the same. As observed by Beauvails (Ref. 4-11), the
ground plane simulation technique may give as much as 25% variation 1in pitch-
ing moment. The fixed plane technique appears to provide the best results in

the pitch and yaw plane when compared to full-scale model test data (Ref. 4-7).

A second approach to acquiring the test data is through the use of a
moving model facility (fixed track) as suggested by Ruetenik and Zartarian
(Ref. 4-8). This setup provides the correct body and track wind angle and can
also be used for gust load and passing load measurements. This technique has
a2 number of attractive features and existing test facilities have the poten-

tial of reaching the test conditions needed for MAGLEV.

D. Other Aercdynamic Phenemoma

(1) Passing Loads., Transient loads such as wind gusts and vehicles

passing in opposite directions will give higher side loads and yawing moments
than produced from steady-state side winds. Some work has been done on find-
ing the force of one train exerted on a second train passing in opposite
directions (Refs. 4-12 and 4-13). Typical results based on experiments and
potential flow theory are given in Ref. 4-13. It was found that: (1) the
force on the vehicle remains nearly constant over the length of the train,
and (2) the force is proportional to (a/a+S)4, where "a" is the half-width of
the bedy and "S" is the physical separation distance between the two trains.
A high side force builds up as they approach, followed by a negative force of
approximately the same strength. At a separation distance of one-half the
train width, the force exerted by a passing train is equal to the force of a
steady crosswind of 30.9 m/s (69 mph) on a vehicle with a speed of 134 m/s
(300 mph) (for this case B = 13°). To maintain an acceptably low force
between passing trains, a goecd rule of thumb is to keep a minimum separation
distance of at least one train width (8 = 2a). A nominal separation distance
of 3 m (10 ft) is specified for locations in which 134 m/s cruise speeds are

reached.
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(2) Vehicle Flow Field Effects. The aerodynamic flow field produced

by a high-speed vehicle will be felt by objects close to the guideway. This
affect will be in the form of a wind gust of short duration (é 1 second), and
the magnitude of the gust will be influenced by the distance from the passing
vehicle, the vehicle characteristics (shape, spéed, method of propulsion), and

the magnitude of any crosswind.

The principal aerodynamic phenomena due te the vehicle body results from
the pressure field created by the vehicle nose, and the wake aft of the vehi-
cle base. Hammitt (Ref. 4-14) presents graphical estimates of these phenomena
in parametric form for a representative vehicle configuration. The results of
Hammitt have been used to determine the approximate magnitude of the wind gusts
that would be experienced from passage of a single vehicle traveling at 134 m/s
(300 mph) with no crosswind. Figure 4-8 shows the estimated maximum induced
gust velocity as e function of side distance from the vehicle centerline. The
results indicate the wake is more important than the nose effect. Figure 4-8
demonstrates that the induced velocity for an aerodynamically smooth body
representative of MAGLEV is hardly noticeable at distances greater than about
9 m (30 ft) from the vehicle centerline. Therefore, a distance of 15 m
(50 ft) to the edge of the wide right-of-way should provide sufficient distance
to eliminate gust effects at the edge even with crosswinds, however additional

test data are needed to confirm this conclusion.

A Ducted Fan/Gas Turbine exhausting into the base region will completely
change the wake effect by changing the direction of the wake velocity.
Hamilton Standard- Division of United Aireraft conducted a brief study to
evaluate the exhaust plume characteristics of the fan and the gas turbine for
the MAGLEV application. Velocity and temperature profiles were obtained for
three turboshaft gas turbines at static conditions and maximum power. The
results showed that the significant increase in the velocity and temperature
for the engine alone is confined to a relatively small volume extending about
1 m (3.3 ft) on either side of the centerline cf the turbine exhaust and

approximately 23 m (75 ft) downstream.

The Q-fan exhaust is larger than that of the gas turbine, the exit

veleocity is higher, but there is no temperature increase. Some recent exhaust
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measurements on the Hamilton Standard Q-fan demonstrator have been used to
prepare velocity profiles for the static, maximum thrust condition. The
results show that the area of significant velocity increase is roughly € m
(20 ft) maximum on either side of the Q-fan exhaust centerline and approxi-
mately 60 m (200 ft) downstream. The region of high velocity is considerably
smaller than this. No problems for the static exhaust of either the gas tur-
bine or Q-fan exist at the edge of reasonably sized (> 50 ft from centerline)
rights-of-way. The problem of the exhaust in the passenger loading/unloading
areas is minimized by using low thrust and/or by having protective loading

and unloading ramps similar to present-day airports.

4-24




When the vehicle is in motion the plume velocity perceived by a station-
ary observer is the difference between the static plume velocity and the
vehicle velocity. Thus, the static conditiecns are the worst case, and the
flow field effect at the edge of the right-cf-way for the Q-fan and turbine
at cruise speed are expected to be even less than that due to the flow field

from the body alone.

3) Passage Through Tunnels. Although a study of the problems of

high-speed travel through tunnels was beyond the scope of the conceptual
design, the presence of tunnels has substantial implications on the ultimate
system design. TFor example, Kurtz and Dayman (Ref. 4-15) show that aerodyna-
mics should be a major factor in the design and operation of high-speed sys-
tems in tunnels. Either large tunnels are required or special techniques must
be used to vent the tunnel, otherwise the power required and/or the vehicle
velocity loss become prohibitive. A pressurized vehicle will be required to
eliminate the problem of rapid pressure changes in the cabin upon entry into a
tunnel. A large increase in the temperature of the air in the tunnel is also
a potential problem. Detailed systems studies must address these areas and
determine the most cost-effective solutions. As in the case of guideway con-
struction, tunnel construction and the necessity of having significant numbers

of tunnels is a highly route-specific problem.

(4) Vehicle Aerodynamic Noise. Substantial noise or sound is gener-

ated by the passage of a high-speed vehicle through the air. This sound is
due to the boundary layer on the body, vortex shedding, and the presence of
mixing and shear regions. The sound level increases rapildly as a function of
the vehicle speed. This phenomenon was apparently not fully appreciated when
the preliminary HSGT noise limits were set by FRA/DOT (see Section 3.2.3).
Although FRA/DOT has specified the total vehicle noise limit as 73 dbA at

50 feet from the vehicle centerline, this value should be considered as an
optimistic goal rather than a requirement. This is because the aerodynamic
noise level of the vehicle without propulsion traveling at 134 m/s (300 mph)
or even considerably lower speeds, is predicted to be substantially greater
than this value. In order to obtain a realistic basis for specifying the

sound level requirements for the propulsion system, it was decided that the
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propulsion system should not have a sound level greater than that of the vehi-
cle itself at 134 m/s, and, as a goal, should not exceed the sound level of
the vehicle at any speed above which the aerodynamic noise is greater than

73 dbA. The task of predicting what the noise level of the vehicle would be
without a propulsion system was undertaken by the Hamilton Standard Division

of United Aircraft.

A literature review of prediction procedures for vehicle noise radiation
shows that most of the methods had been established for, and correlated with,
gliding aircraft (e.g., Ref. 4-16). The primary mechanism of noise generatiocn
for gliding aircraft is vortex shedding off the wings — an unrealistic condi-
tion for the MAGLEV vehicle. Thus, wing vortex nbise equations provide, at

best, only a rough conservative guide as to the noise levels.

Figure 4-9A presents noise data for various types of transportation vehi-
cles with and without propulsion systems (from Refs. 4-17 and 4-18), and a sum—
mary of predictions for the unpowered MAGLEV vehicle. The recommended Hamilton
Standard correlation was based on work by LTV (Ref. 4-19). Figure 4-9B is an
updated summary of the information presented in the previous figure. The most
applicablé data are enclosed by the shaded border. Note that the Hamilton
Standard correlation for the unpowered MAGLEV vehicle lies considerably outside

the shaded area.

The recommended Hamilton Standard correlation results in a prediction of
the unpowéred MAGLEV sound level of 92 dbA (50 ft) at 134 m/s (300 mph), drop-
ping to tﬁe DOT noise "limit" of 73 dbA at 77 m/s (174 mph). The importance
of vehiclé aerodynamic noise is obvious at high speeds. An upward revision of
the DOT noise limit is required, otherwise future high-speed ground transpor-
tation vehicles typical of MAGLEV will be restricted to speeds roughly below
77 m/s (174 mph)}, even if the propulsion system, wayside pickup (if-any) ete.,
contributg no increase in the bare-body aerodynamic noise level. Further .
test measurements are needed to determine aerodynamic sound levels of HSGT
systems, since supporting data for magnetically levitated vehicles are non-

existent for the speeds and vehicle configurations of interest.
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4.2.6 Vehicle Synthesis

A matrix of 80- to 140-seat vehicles is synthesized to ascertain the rela-
tive merits of different seating arrangements*, e.g., 2 + 1, 2 + 2, 2 + 3,
3 4+ 3. The basic objective of this effort is to determine the '"minimum energy"
configurations for subsequent input to the systems analysis reported in Sec-
tion 5. In particular, reasonably detailed syntheses are necessary to properly
account for growth factor effects due to changes in the weight of individual

vehicle components.

All vehicles are designed for a cruise speed, VC’ of 134 m/s (300 mph)
and employ the baseline Ducted Fan/Gas Turbine propulsion system. Four 0.5
x 3 m (or eight 0.5 x 1.5 m) superconducting magnets are used for levitation
and guidance, separated 0.3 m (horizontal and vertical) from L-shaped aluminum
guideway elements of 2.54 cm thickness arranged in a hat-shape configuration.

The magnetic lift-drag ratio is 45.5 at 134 m/s (300 mph).
The major tradeoff parameters are as follows:

€ Seating Arrangement — The seating arrangement, together with
the number of seats (NSV) sets the bagsic vehicle dimensions.

9 Aerodynamic Drag — Aerodynamic drag power increases with wvehicle
cross—sectional area and length. Long slender shapes are pre-
ferred for fixed payload volume.

¢ Magnetic Drag — Magnetic drag power increases with vehicle gross
weight (as does the energy expended during acceleration); gross
weight is in turn influenced by the structure and other compo-
nent weights. Structure weight is adversely affected by vehi-
cle length; for fixed payload volume, short squat shapes are
preferred.

A, Seating Arrangements. Table 4-4 shows vehicle length for each seat-

ing arrangement and capacity under consideration. The seating accommodations

are the same as DC-10 values, as shown previously.

*A 2 + 1 seating arrangement is two seats on one side of an aisle and one on
the other, 2 + 2 is two seats on each side of an aisle, etc.
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TABLE 4-4. VEHICLE LENGTH, £ {m)

PASSENGER
CAPACITY, '~ SEATING ARRANGEMENT
Ngy 2+1 2+2 2+3 3+3
80 40.42 33.67 29,81 27.88
100 - 47.2 385 33.6 30.8
120 54.5 44.9 39.1 35.2
140 61.3 49.7 429 39.1

Two lavatories are provided for N_ ., < 100 whereas four lavatories are provided

Y

for NSV > 120. Alsc, the length includes v 8.6 m over the basic passenger
compartment length to accommodate the crew compartment (forward) and the pro-

pulsion system compartment (aft).

Cross-sectional data are shown in Table 4~5, based on an effective rec-
tangular shape, i.e., the rectangular cross section has the same height and
frontal area of the actual cross section. This approach was taken to simplify

certain of the aerodynamic and structural calculations used in the tradeoff

analysis.
TABLE 4'5, CROSS SECTION DATA
SEATING ARRANGEMENT
2+1 2+2 2+3 3+3
HEIGHT, h (m) 3.454 3.454 3.454 3454
EFFECTIVE WIDTH, b {m) 2.044 245 2.80 3.12
FRONTAL AREA, Ag (m?) 7.06 8.45 9.66 10.77
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B. Aerodynamics. A simplified aerodynamic drag analysis is employed

based on the data of Ref. 4-20%., The aerodynamic drag coefficient for this

general class of configurations may be written as:

C. = CD {(Nose, Prot) + CD (Friction) + CD {Base) + CD (Gap)

D
where

f\',

CD (Nose, Prot) ~ 0.098 4=1
AW
CD (Friction) = CF T 4=2
c
-3 D

v 3.625 X 10 b

CD (3ase) “‘\/ = @ 7 0.5 . 4-3
c. X
F (A )
(&
4 Aw

N L -

CD (Gap) ~ 3.62 X 10 (Ac b4
and
_ -2.58 -

CF = 0.455 (log Rei) | 4~5
Reg = 99,1745 X lO6 L @ sea level, % in meters
A.W/‘AC = 2 (b+h) £/bh

All vehicle surfaces are assumed smooth, cor:esponding to aircraft design
practice; all doors, windows, etc., are likewise flush-fitting. The protu-
berance and nose drag (Equation 4-1) are estimates for carefully streamlined
vehicles. The base drag (Equation 4-3) is computed on the assumption of
partial boat-tailing, i.e., Db/D = 0.5. For a large ducted fan or gas turbine
exhausting into the base region, the base drag should be lower than the value

obtained from Equation 4-3, The skin friction coefficient, CF (Eduation 4~5)

*The referenced work was conducted by Avco Corperation for Ford Motor Company
on prior DOT-sponsored MAGLEV research.
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is based on the Prandtl-Schlichting formula, for Re2 > 2x 108. Equation 4-~4
estimates the non-two-dimensional influence of secondary flow venting from the
gap under the bottom of the vehicle in the circumferential direction. Fully
developed flow in the gap is not expected to occur except toward the rear of
the vehicle, i.e., where the boundary layer thickness approximates the gap

dimension.

The resultant CD values are tabulated in Table 4-6.

TABLE 4-6. AERO DRAG COEFFICIENTS

PASSENGER
CAPACITY, SEATING ARRANGEMENT
NSV 2+1 2+ 2 2+3 3+2
80 0.244 0.213 0.197 0.188
100 0.263 0.255 0.206 0.195
120 0.284 0.242 0219 0.204
140 0.303 . 0.254 0.228 0.213

The aerodynamic drag power, PA (in kW), is determined by

_ 3
PA = CDACpVC/ZOOO 4-6
where
AC = Cross-section area = bh (m2)
p = Ambient air demnsity = 1.225 kg/m3 at sea level

The aerodynamic drag power for the various vehicle design points is shown in

Figure 4-10.°

C. Structure. Detailed structural weight calculaticns are reported in
previous paragraphs. These calculations are made for a baseline (2 + 2, NSV
= 80) configuration at an arbitrary gross weight of 445 kN (lO5 ib) and at
"% = 30.5 m, with the criterion that the structural modal frequencies be

larger (v 8 times) than the natural frequency of the suspension system. This
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permits the suspension system to be designed without consideration of struc-
tural elasticity. Using aircraft-type construction, this gives a weight/
length ratio (v 1.78 kN/m) which compares favorably with a trend line devel-
oped by TRW in Ref. 4-21.

Subsequent iterative calculations show that the baseline configuration
would approximate 366.5 KN (82,400 1b) gross weight at £ = 33,67 m. The
baseline structural weight has been adjusted to these new values, and a new

trend-line developed which fits the following equation.
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W (Structure) = 2—2 {6.393 + 0.0283 Rl'338) 4=7
b

Equation 4-7 is the basis for the structure weight data shown in Figure 4-11.

h = 3.454 m
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200}—
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"’FHGURE 4-11. GENERALIZED STRUCTURE WEIGHT
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Note that the structural frequencies are nbt held fixed for all the data
points on Figure 4-11. Constant frequency designs would result in intolerably
high (and unrealistic) structure weights for vehicle lengths in excess of

approximately 40 m (131 ft), particularly for narrow configurations.

D. Propulsion. On the basis of data supplied by the Hamilton Standard
Division of UAC, the prepulsion system was scaled for vehicles of arbitrary
gross weight operating over the baseline 750 km route with Ni intermediate,

equidistant stops. A generalized propulsicn system weight equation was

derived:
0.0124 W 0.0265(Ni+l)
W (Propulsion) = 21.2 + £ P, (kN) 4=8
0.385 C
m, + 1)
i

where

Wg = Vehicle gross weight (kN)

PC = Cruise Power (kW)

Equation 4-8 includes fuel weight, with 15% reserve, for a one-way 750 km run#®
including level-cruise, grade-cruise, acceleration, deceleration, and station

idle operation. The weight of fuel consumed (in kN) is correlated by:

6 0.728

W(Fuel) = 1.204 x 107~ (P, - 378.7) [5800 + 1.167 (N, + 1)

;(wg - 9'6ﬂ 4-9

E. Weight Summary. Scaling law estimates were made for the weight of

the remaining components. Table 4-7 summarizes the component weight equations.

For V, = 134 m/s (300 mph) and magnetic L/D = 45.5, cruise power, P

C c?
can be expressed (in kW) as
PC = PA + 2.95 Wg 4-10

*Refueling at the route terminus is assumed.
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TABLE 4-7. VEHICLE WEIGHT BREAKOUT (kN)

e SUSPENSION 48.5 +0.05 Wy
2
» STRUCTURE = (6_393 s 0_028351.338)
e FURNISHINGS 0.225 Ngy, +0.0361 (b + 3.545) )
¢ AUXILIARIES 0.2625 Ng,
e BRAKES 4.5 +0.043 Wy
o CREW COMPARTMENT 15.6
e PAYLOAD 0.8877 Ngy,
e PROPULSION (N, = 5) 21.2 + 0.006221 Wy 127 Pe
o CONTINGENCY 13.4

Equation 4-10 can be combined with the summarized component weights from
Table 4-7 to determine vehicle gross weight and associated power data for
each configuration in the vehicle matrix. The Energy Intensity, Y is then

computed* (in MJ/Seat-km) from

5.884 WF
o= z 4=11
sV
Figure 4-12 shows the Energy Intensity for the matrix of study vehicles. The
140-seat vehicle, as expected, is substantially better than the 80-seat con-

figuration; optimum seating arrangement for N__ = 140 is 2 + 3, resulting in

SV
a vehicle 42.9 m (141 £t) in length with a cross-sectional envelope of 3.454 x

3.454 m (11.3 x 11.3 ft).

Additional analyses have been carried out for the class of vehicles
designed to fit a U-channel, rather than the hat-shaped guideway. These vehi-
cles have less height and consequently lower cross-sectional area (lower aero-

dynamic drag). The magnetic and wheel suspension elements and fuel, however,

*Lower heating value for JP fuel is approximately 4412.1 MJ/kN.
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must be moved forward and aft of the primary passenger compartment, thus
increasing length. The combination of lower section depth and increased
length serves to increase structural weight and magnetic drag. These factors
combine to produce a vehicle with higher total drag (and energy consumption)
than the baseline design. It appears that the "sponsons” (the deep sections
required to straddle the hat-shape guideway) on the baseline désign are bene-
ficial in that they provide a high section modulus and a relatively short
vehicle — by encapsulating magnets, wheels, and fuel — thus permitting a lower
Weight,{lower power system. Of course, this type of configuration could be
used with the U-channel guideway just as well as with the hat guideway. The
essential point of this analysis, however, is that it dcoes not pay to reduce

frontal area at the expense of length.

4,2.7 Common Subsystems

A summary of the general type of subsystems acceptable for the conceptual
vehicle is contained in this section. These include air conditioning, landing/
switching gear, brakes, auxiliary power unit, and onboard control/communication
equipment. The term '"common'' subsystem refers to the faect that the subsystem

"will largely be the same for any type of propulsion system.

A. Air Conditioning. The air conditicning system must perform the func-
tions of heating, cooling, humidity control and maintain a near-constant cabin
pressure for the sealed cabin. The system must alsc be lightweight; all of
these requirements imply the design must be more like that used on an airplane
than a conventiocnal train. An air cycle environmental control system has been
chosen, since it fills the requirements statea above plus has the advantages

of:
¢ Using air as the refrigerant
© Rapid cabin cooldown capability (high airflow)
o) High reliability, low maintenance
o) Cpmpact, low weight design

An air-cycle machine is driven by compressed air, which is ideal if a gas tur-

bine is used since the required air can be bled from the engine compressors.
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The use of electrical propulsion systems will require a separate electric
motor-driven air compressor to supply the required air. An air-cycle systenm
has the disadvantages of requiring more power per ton of refrigeration and
being more expensive than for a Freon—-type system. Alr-cycle machines are
used on practically all modern aircraft and have proven to have all the

advantages stated above.

Approximately 15 "toms" (53 kW) of air conditioning will be required, and
the weight based on actual aircraft installations is estimated to be 1780 N
(400 1b) for the air-cycle machine, (including heat exchangers, ducts, valves,
sensors, etc.) plus approximately 4450 N (1000 1b) for the ducting required

throughout the vehicle.

B. Landing/Switching Gear. The landing/switching gear has been designed

to perform the following functicns:

o Support the vehicle on wheels up to the lift-off speed and be
capable of rapid dowmward extension in the event of an emer-
gency condition, such as power or magnet failure.

© Ixtend down and out to engage the switching ramps used for
the baseline switching concept. (Small lateral guidance
wheels will be used to guide the vehicle in the ramp.)

O Be steerable so that the vehicle can be maneuvered in the
terminal areas.

o Have wheel brakes for slowing and stopping in the switching
and terminal areas.

© Be fully retractable during cruise to minimize aerodynamic

drag. An optional function during retraction would be to act

as bumpers in event of extreme vehicle excursions, although

this function may be better served by fixed skids.
The wheel design must allow for two positions when the wheels are lowered:
first, directly down so that the wheels can engage the guideway during emer-
gency conditions, and second, down and out to the sides to engage the switch-
ing ramps. These two cases are illustrated on the left side of Figure 4-13.
A typical design is also schematically illustrated in Figure 4~13. A total of
eight 36 x 11 inch aireraft-type tires are required to support the vehicle
during emergency landing conditions. A.hydraulic system will be used to

actuate the gear, for steering, and to operate the wheel brakes, although a
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back-up pneumatic system may be used for the rapid extension during emergency
conditions. The entire system is estimated to weigh 19.6 kN (4,400 1b), based

on aircraft landing gear design.

C. Brakes. DNormal braking can be accomplished by reversing the pitch
of the fan blades of the air propulsion system or by reversing the field of an
electric motor. However, due to fuel consumption reasons, the air propulsion
system will not be used for braking except in emergencies. Aerodynamic panels
which extend into the airstream are the normal brakes for the baseline system.
Typical deceleration calculations have been made to determine what size of
aerodynamic panels are appropriate, based on the 0.15 g normal deceleration
limit. The results were computed as a function of drag area of the brake
(CDA). Values of CDA getween 3 and 6 m2 (30 to 60 ft2) appear reasocnable.
A brake with CDA = 3 m  reduces the stopping distance of the vehicle by 30%
compared to a vehicle without an aerodynamic brake. For CDA =0 mz the dis-
tance is decreased by 44%. More rapid stops can be accomplished by varying
the CDA {modulating the panel position) so that a 0.15 g deceleration can be
maintained at all speeds. Actuation of the panels will be accomplished with
a hydraulic system. If all cther systems fail to work properly, a back-up

drag parachute may be used.

D. Auxiliary Power Unit (APU). Onboard power must be provided for

lights, communication, control system, cryogenic refrigeration system, etc.
The total power requirements are approximately 200 kW. This power could be
provided by an alternator, gear—driven from the compressor shaft of one of the
drive engines. 1If an electric propulsion system is used, the power can be
provided from the wayside power rails via an electrical pick-up. For the
baseline propulsion system, it was decided tc use a separate APU incorporating
its own small gas turbine drive. This system was chosen for maximum reli-
ability in event of engine or power failure. It also has the advantage of
more efficient operation during protracted idle conditions, e.g., long sta-
tion dwell, turnarcund, general maintenance operations, etc. The unit also
contains the central hydraulic pump in addition to the altermater. High
reliability, aircraft-quality gas-turbine APU packages are commercially

available and directly suited to this application.
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E. Control and Communication. The onboard control and communications

equipment ccmprisesvthe hardware defined in Figure 4-14. The basic control
element is a stored program micro processor with up to 8K of memory operating
at a cycle rate of approximately 1 MHz. This unit provides all of the requi-
site automatic flight control signals for vehicle operaticn. It receives
inputs from the vehicle state transducers, the vehicle operator and the com-
munications network. The state transducers provide information on the vehicle
dynamic parameters required for active ride control. They also provide status
monitoring of the onboard equipment for automatic housekeeping operaticns and

for fault detectiomn.

The communications network inputs in-station and en-rcute control infor-
mation to the onboard computer from the wayside complex. It also transmits

vehicle status information to the wayside.

The operator interface provides information to the operator display from
the control computer and the vehicle state monitors. It also provides a means
for the operator to input control instructions to the computer for in-station

and en-route operations such as switching and main line ingress and egress.

The output of the computer compriées all of the static and dynamic con-
trol signals needed for vehicle cperation. These signals are buffered in a
Power Control Unit (PCU) and fed to the appropriate terminal devices. The
BCU proﬁides primary power to the various onboard elements in addition to the
computer-generated control signals. Primary power switching, levitation mag-
net "charging,' cryogenic refrigeration power, passenger—-door operation, vehi-
cle lighting, air conditioning, and passenger service communications are under
manual operator control. Manual override of scme of computer—generated con-
trol signals under some operational conditiens is also previded. The manual
override capability is constrained to those situations where the operator can
be effective in real time control. These comprise terminal ingress, egress,
switching, and emergency stop conditions. The latter case will involve oper-
dtor actuation of special subroutines stored in the computer with direct

manual control of the propulsion, wheels, and aerodynamic braking equipment.
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The vehicle control equipment will interface with the wayside complex via
the communications transducers. The communications facilities will comprise
a digital data link, a voice communications link, and any‘special links used
for vehicle schedule control and vehicle safety. The digital data link pro-
vides a means to transmit route-control information to the onboard computer
and to monitor vehicle status as noted previously. The voice link provides a
direct channel for operator interface with the wayside complex to handle rou-
tine operational messages, passenger service communications, and emergency
backup communications. The digital data link will be augmented with special
links to control vehicle speed in real time from the wayside complex for
schedule control and vehicle safety purposes. The latter function includes
protection against foreign objects and inter-vehicle safety. These links will

employ RF coupling to a combination of wayside antenna and cable networks.
4.3 SUSPENSION SUBSYSTEM

The suspension subsystem of the revenue vehicle consists of the supercon-
ducting levitation/guidance magnets, dewars and associated cryogenic system,
helium liquifiers, control coils and control electronics. Also included are

the details of the vehicle dynamics and contrel analysis (Section 4.3.2).

4.3.1 Superconducting Magnets and Associated Cryogenics

The Ievitafion magnets selected for the suspension subsystem are flat,
"racetrack'-shaped coils. More complicated shapes may ultimately be required
if very stringent requirements for. magnetic shielding of the passenger com-
partment are set. However, for the present reguirements {Section 3.2.3C), a
flat racetrack magnet with a shielding coil provides an acceptably low field
in the passenger cabin. Parametric studies relating to coil geometry were
carried out under an earlier contract (Ref. 4-22); these have been used in the
present system studies to define a design which meets the overall system
requirements. It was found that separate guidance coils are not required for
the baseline concept; the levitation coil alone can supply an adequate guid-
ance force provided it operates in the vicinity ¢f the vertical leg of an

L-shaped guideway element. In addition, calculations and experiments were

carried out in an earlier study to determine the magnitude of the cryogenic

loads due to projected thermal losses (Ref. 4-22 and 4-23). \
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A, Basic Magnet Design. Two important design parameters are the magne-

tic lift/magnetic drag ratio (FL/FD) and the lift/weight ratio (FL/weight) of
the suspension subsystem. Both of these parameters must be large to obtain

a viable design. Large FL/FD leads to a magnet design with large aspect

ratio (length/width). These narrow magnets can be used on a narrower 'track”
or guideway, and thus require less aluminum in the guideway. Although there
is not a well-defined optimum size for the racetrack coils, consideration of
the overall system parameters and requirements resulted in the selection of a
coil geometry of 0.5 x 3 m at a nominal suspension height, h, of 30 cm.
Approximately 3.5 x 105 ampere-turns are required to support omne fourth of

the weight of a 445 kN (100,000 1b) vehicle. Since the track width should
exceed the magnet width by about twice the suspension height (2 h), narrowing
the 0.5 x 3 m magnet will save some aluminum, but this small advantage is out-
weighed by the requirement for more magnet current to get the same lift (thus
increasing magnet weight). An aluminum guideway composed of high electrical
conductivity alloy (1100-type), 2.5 cm thick has been selected sc as not to
limit FL/FD at cruise speed by inadequate conductorrthickness and resistivity.
Tradeoffs of magnet performance, magnet size, conductor properties, etc., are

discussed in Section 5.3.2.

A total of at least four magnets is required, one near each corner'of the
vehicle. However, to minimize the possibility of magnet failure and to
increase system reliability, it is proposed that each 0.5 x 3 m superconduct-
ing coil be replaced by two 0.5 x 1.5 m coils, in tandem, with each coil in a\
separate dewar with separate refrigeration. It was shown in earlier studies
that the long magnet can be replaced by two separate shorter coils with only a
5% reduction in FL/FD and a 3% loss in 1ift for high speed conditions when the
coils are separated by 20 cm (Ref. 4-22). This is a small penalty to pay for

the greatly increased reliability of a critical compenent.

Table 4-8 summarizes key magnet system characteristics and specifications.

The nominal suspension height has been selected as 30 cm*, but a larger

*Defined as the distance from the center of the superconducting cecil to the
aluminum guideway. A nominal lateral guidance distance of 30 cm has also
been selected. (See Figure 4=16.)

445



TABLE 4-8, MAGNET MCDULE CHARACTERISTICS AND SPECIFICATIONS
FOR BASELINE CONCEPTUAL VEHICLE

o NUMBER REQUIRED 4 MODULES

o COIL SIZE 05X 3M:;: TWO 05X 1.5 M
MAGNETS END-TO-END

o SUSPENSION HEIGHT ~ 30 CM

o LATERAL GUIDANCE DISTANCE ~ 30 CM

o AMPERE TURNS ~ 35 X 10° A-TURNS

(NORMAL OPERATION)

LIFT TO DRAG RATIC FOR
1100 H14 ALUMINUM AT 134 M/S:

INFINITE FLAT PLATE 61.7
CORNER (GUIDANCE FORCE = 0.36 F,) 45.5
o LIFT TO WEIGHT RATIO
WITHOUT SHIELDING COIL 20.5
WITH SHIELDING COIL _ 16.8
o CURRENT DENSITY 300 A/MM2
e OPERATING CURRENT 1310A
o TYPE OF SUPERCONDUCTOR NbTi MULTI-FILAMENT,
TWISTED, LARGE — CORE BRAID
o PERSISTENT SWITCH RESISTANCE < 107n
o HELIUM COOLING SYSTEM GRAVITY FEED WITH
16 LITER CONTAINER
o ‘MAGNET COIL SUPPORTS LOW HEAT LOSS FOLDED
EPOXY-FIBERGLASS COLUMNS
o CONTROL COIL ALUMINUM WITH ~2 A/MMZ;

FORCED AIR COOLING CAN
BE PROVIDED, iF REQUIRED

suspension height will improve the ability to pass over objects on the track,
reduce the aercdynamic drag of the underside and simplify some aspects of the
dynamics/control problem. An increased suspension height, however, requires
more magnet current to get the same 1ift. For example, FL varies as h-z'A
for constant current between h = 30 and 40 cm; thus it takes 1.41 times as
much current at h = 40 ecm to develop the same 1lift as at h = 30 cm. Since
the amount of superconductor needed should be adjustéd to an eptimum current
density, the h = 40 cm case will require more superconducting material, more

structural material to accommodate the higher internal forces, and more

cryogenic capacity. The 10 cm added height will roughly incur a 35% cost
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increase for the magnets and refrigeration system relative to the baseline
design. Furthermore, the magnetic fields will be 1.41 times higher and addi-
tional magnetic shielding will be required to obtain the same field level in
the passenger cabin. On the other hand, a suspension height of 30 cm is near
the minimum acceptable value since it is difficult to maintaln adequate clear-
ance between suspension system and guildeway under varicus dynamic conditions

for small distances.

B. Magnet Field/Shielding. Section 3.2.3C defined the recommended mag-

netic field limits as: 0.008 T (80 gauss) for the maximum whole body or head
exposure for passengers and crew, and a maximum 0.02 T (200 gauss) at any

point in the passenger cabin which is accessible to people.

The magnetic field at the guideway surface beneath the levitation coil
must be in the vicimity of 0.1-0.5 T (1000-5000 gauss) in order to provide
adequate magnetic "pressure" to support the vehicle. As a consequence, the
magnetic field above and around the magnet is several orders of magnitude
above ambient. For the worst case location, i.e., directly zbove the magnets,
the results show that only a simple bucking-coil shield is needed to limit the
average flux levels to the requirements given above. If substantially lower
whole body exposure levels are required (e.g., 20 gauss), then passengers will

not be able to sit directly over or within 1-2 m of the magnets®.

When the vehicle is in motion, circulating currents are generated in the
guideway near each magnet which help shield the magnet. Thus, the magnetic
field of the moving magnet is less than that of the stationary magnet. A very
effective way (on a weight basis) to reduce the magnetic field above a coil is
to use a bucking coil; if the main coil is located 30 cm above the conducting
guideway, then an "optimum" bucking coil has the same dimensions as the main
coil, has one-fourth the ampere-turns, and is located 30 cm above the main
coil. This bucking weakens the lift force from the main coil slightly; 1t
requires a 8.5% increase in the coil current to maintain the lift of an

unshielded levitation coil.

*Note that the baseline vehicle shown in Figures 2-1 and 4-1 have the magnets
located at the ends of the vehicle so that the passenger seats are not above
the magnets.
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Figure 4-15 shows the magnetic field contours of the 0.5 x 3 m levitation
coil in a longitudinal plane through the magnet (NI = 4 x 105 ampere-turns) .
The effects of the shielding coil and magnet motion are shown in the figure.
The field contours were obtained from three-dimensional calculations of fields
produced by currents in the main coil, bucking coil, and all developed '"image
coils”.w For the at-rest shielded case, the floor is at a maximum magnetic
field level of 0.012 T (120 gauss), and the seat level at 0.007 T (70 gauss).
However, a large majority of the time the vehicle will be moving, and the cor-
responding maximum shielded values are only about 0.0085 T (85 gauss) at floor
level and 0.004 T (40 gauss) at seat level. Note that the field drops off
rapidly in the longitudinal direction (and also in the lateral direction),
therefore there is only a relatively small region above the magnets which are

subjected even to these levels.

C. Details of the Cryogenic Magnet Desigp. The basic requirements for

the levitation/guidance subsystem do not appear to offer unsolvable problems
for superconductor/cryogenic technology. However, there are some areas of
uncertainty, and what is vitally needed is a program to develop a practical,
state-of-the-art levitation magnet — a new application with its own unique set
of requirements. For example, magnet current densities of 300 A/mm2 have been
achieved in laboratory superconducting coils, and is felt to be a realistic
value for the levitation magnets. Whether or not such high current density
will create quench problems* because cof the vibratory environment must be
determined experimentally. If 300 A/mm2 is not practical because the quench
probability would be too large, more superconducting wire must be used. This
will increase the magnet costs and magnet weight and reduce the magnet suspen-—
sion height. For example, if 200 A/mm2 is used for the operating current
density of the magnet, the weight of the magnet module will increase by 8%,
the costs by 16%, but the clearance will be reduced by only 0.35 cm. The
cryogenic heat load will remain the same, but cooldown time will be increased

by approximately 20%.

*Quenching is loss of the magnetic field when the superconducter is driven
to the normal state.
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Another area of uncertainty is the important a.c. loss problem and its
implication on superconductor design which is discussed below. Based on the
potential prcblems, it is expected that several generations of experimental
magnets will be required before acceptable low-weight, low-heat-leak, high-
current—density magnets are avallable for a revenue vehicle. Note that the
size of the magnets is of no concern. 1In fact, a number of large size super-
conducting magnets ate currently in operation and they work reliably
(Ref. 4-24). Others in the advanced R&D stage are:

o Large bubble chambers in operation at high-energy physics

installations all over the world. One of the largest

{3.65 m dia.) has been on line at Argonne National
Laboratory since 1967.

o . Low speed homopolar motor. One such 3000 hp unit pumps
water at the Fawley Generating Plant, England.

o] Superconducting motors and generators being developed for
the U.S, Navy and the electrie utility industry.

2} Immense plasma confinement magnets for fusion reactors.

The basic magnet/dewar designs and the cryogenic system specifications
have been developed by Magnetic Corporation of America (MCA) with some inputs
from Ford Motor Company (Scientific Research Staff). Discussions have alsc
been held with Japanese scientists in the JNR MAGLEV program* concerning
improvements in magnet design and construction. Basad on these inputs, a

conceptual design has been developed with and without a shielding coil.

Figures 4-16 and 4-17 show the cross section and the layout of the modu-
lar pair of unshielded magnets used for levitation and guidance. As discussed
in Paragraph A, each module consists of twe magnets, cryogenically isolated
Irom each other, but which basically act like a single magnet. Each magnet
i1s supported by six epoxy-fiberglass support columns which are canted as
shown iﬁ the figures. Additional technical features of the magnet system are

given in Table 4-9.

*Particularly, Professors T. Ohtsuka and Y. Ishizaki of Tohoku University and
Tokyo University, respectively.
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REDUNDANT MAGNETS FOR SAFETY AND RELIABILITY

TABLE 4-9. ADDITIONAL TECHNICAL FEATURES OF MAGNET MODULES

HIGH- CURRENT DENSITY, INTRINSICALLY-STAEBILIZED, SUPERCONDUCTING WINDING

(300 A/mm?)

TWISTED, MULTI-FILAMENT, LARGE-CORE BRAID FOR LOW A.C. LOSSES

SEPARABLE CURRENT LEADS FOR LOW-HEAT LOSS

3 cm SUPERINSULATION FOR RADIATION SHIELDING

16-LITER LIQUID HELIUM EMERGENCY STORAGE CONTAINER IN EACH DEWAR,

GRAVITY FEED

ALUMINUM QUTER CRYOSTAT

MAGNETIC FIELD AND LIQUID HELIUM LEVEL INSTRUMENTATION

MAGNET COOL-DOWN TIME ~ 16 HOURS

TABLE 4-10. MAGNET MODULE WEIGHTS AND HEAT LOSS

WITHOUT

SHIELDING COIL

WITH
SHIELDING COIL

WEIGHT*

Superconductor

Helium Container

Tension Plates

Outer Cryostat

Struts

Misc (Tubes, Leads, Persistent Switch)
Control Coil

Total {Module)

Total {Vehicle)
CRYOGENIC HEAT LOAD

Radiation

Conduction

Current Leads

Cryogenic Lines

A.C. Losses
Total (Module)
Total (Vehicle)

757 N
300
206
1900
181
200
928

4472 N
17.9 kN

05w
2.0
1.0
0.7
0.7

49W
19.6wW

947 N
410
404
2250
272
250
928

5461 N
21.8 kN

osw
2.0
1.0
0.7
0.7

5.2W
208w

*Values Adjusted for 366.5 kN Vehicle
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Figure 4-18 shows a cross section of the baseline magnet design, i.e., the

_one containing a shielding coil. This design shows a different arrangement for
the G-10, epoxy-fiberglass support columns. The main levitation/guidance coil
is held in place by at least four vertical columns and four diagonal columns
(two canted in the transverse direction and two canted longitudinally).
Actually, the six-canted-column support structure shown in Figure 4-16 can also
be used for the baseline design, but the cant angle and column positions must be
modified in order that the columns clear the shield coil. The elevated shield
coll is not attached to the outer cryostat, but is connected to the coil form

of the main coil by lightweight tension members. fhe reserve liquid helium

tank is not shown in Figure 4-18, although it will be used in an actual design.

Table 4-10 summarizes the weights of the various magnet components and
lists the expected heat loads discussed in Paragraph D. The weights have been
calculated for the baseline 366.5 kN vehicle rather than the preliminary weight
estimate of 445 kN,

The G-10 (epoxy fiberglass) columns shown in the figures are folded to
lengthen ihe thermal path and reduce the heat leak. Structurally, the G-10 is
placed ij cémpressive loading at 83 N/mm2 (12,000 psi). This compares to the
140 N/mmz value for infinite fatigue life (Ref. 4-25). Dr. Y. Ishizaki of the
University of Tokye has noticed a "significant” increase in the thermal con-
duction of G-10 in a "loaded" condition (private communication). This subject
needs further investigation to determine the heat losses through the folded
columns under typical loads. Canting the column at approximately 30° mini-
mizes the bending moﬁents and maximizes the compressive loads on the column
under stationary {(non-dynamic) conditions. The use of superinsulation reduces
the complexity of the module by eliminating the need for an intermediate
temperature radiation shield. (The use of this type of shield is particularly
troublesome since it must be strong enough to carry part of the transient

dynamiec loading of the magnet.)

The amount of superconductor required in the levitation magnet depends

directly on the maximum current density which can be attained. As stated
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above, superconducting magnets have been built and operated in a laboratory
environment at design current density of 300 A/mmz, but they have not been
operated in the vibratory envirconment typical of a magnetically suspended
vehicle. This is a subject for further development and test since the current
density has substantial impact on magnet weight and cost; at 300 A/mm2 the
superconducting material is expected to account for 50 to 60% of the magnet

cost.

Once the maximum practical current density has been established the cur-
rent in the coil can be calculated for various cperating conditions; typical
values are shown in Table 4-11. Since the magnet is operating in persistent
mode*, the flux linking the superconducting coil remains constant. Flux is
proporticnal to inductance times current, and since the mutual inductance
between the coil and guideway changes for different operating conditions, the
current must alsc change. The maximum current of 420,000 ampere-turns shown

for the worst-case condition determines the amount of superconductor required.

D. 'Cryggenic Heat Loads. The cryogenic heat loads can be broadly clas-

sified into three separate areas — radiation and conduction from external

sources, and internal heat generation (a.c. losses).

(1) Radiation. Because of the large size of the magnets, radiation
from the outer or room temperature container to the magnet container and the
liquid storage vessel is the dominant effect for this type of heat load. Heat
transfer through the superinsulation can be approximated empirically by a

conduction-type equation (rather than radiation-type) of the form:
k A (T,-T,)/b t

where the k value for superinsulation is approximately lO-AmW/cm—°K. The

terms A, T, and At are area, temperature, and thickness, respectively. The

*Persistent mode operation of the levitation magnet refers to the energizing
of the magnet from an external power supply and then providing a low resis-
tance short (R < 10-7 ), usually at low temperature, across the magnet
winding so that the external current supply can be disconnected. This low
resistance, together with the inductance of the coil (0.2 H), results in a
decay of the magnetic field with a time constant greater than 2 x 100 seconds.

4-56




TABLE 4-11, EFFECT OF OPERATING CONDITIONS ON THE CURRENT
IN THE LEVITATION MO DULE

(Persistent mode operation; F| = 111 kN. Self inductance, Lo, =182 mH)(”

CURRENT HEIGHT | SIDE GAP GUIDANCE FORCE,
MODE (103 A-t) {cm) {cm) Fg (kN)
Normal Operation:
¢ Initial Condition 358 - — — .
{Zero Speed) '
¢ Nominal Guidance 393 30 30 40
One Coil Out:(2)
o New Equilibrium 408 245 24.2 26
e At Largest Dynamic 420 209 202 -
Excursion {Worst Case)

“’L calculated for a coil with 270 turns and coil cross-section consistent with
300 A/mm2 current density.

(2)gee Section 4.3.6 for conditions.
baseline magnet module has an exposed surface at liquld helium temperature of
5 m2 area, and a 3 cm thickness of superinsulation will result in a heat load
of 0.5 watt per module. This value will be increased somewhat due to penetra-
tion of the superinsulation by current leads, struts and refrigeration tubing,

and precautions must be taken to minimize the radiation lcad at these points.

(2) Conduction. Conduction of heat trom high-temperature external
regions into the cryostat can take place along the struts, current leads, and

to a negligible degree along the instrumentation leads.

The heat losses down well-designed current-carrying leads is approximately
3xI watts, where I is in kiloamperes. This low value assumes the latent heat
of the helium gas is used to cool the leads. Since the braided superconductor
requires current levels of approximately 1300 amperes, persistent mode opera-
tion is necessary to minimize the heat leoss associated with this ﬁurrent level.

To reduce the heat load below that for persistent mcde operation (v 1 watt),

a mechanical disconnect should be incorporated inside the cryostat (probably
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in the vacuum container). Then, the only heat input will be radiation between

the disconnected leads.

The epoxy-fiberglass material used for the folded columns is very strong
in compression and also has a very low thermal conductivity of 1.04 mW/em-°K
between 4°K and 80°K, rising to 5.2 mW/cm—°K at 300°K. These values are for
no-load conditions and it remains to be determiﬁed what degradation, if any,
is caused by lcading. Thus even with a conservative stress design of 83 N/mm2
(dictated by loading at the worst situation — one coil out, maximum dynamic
excursion), the heat leak down the struts is predicted to be a relatively low
2 watts per module. Future designs may have pért of the strut cooled toc an
intermediate temperature by, say, the warmed helium gas, and heat conduction
loads of less than 0.2 watt could be expected for this type of design. Such
an approéch will only be recommended if the conduction heat leak is signifi-

cantly larger than 2 watts, since this results -in a more complex cocling

system.

Cbméressed superinsulation has been used in some applications to transfer
the levitation loads on the superconducting winding to room temperature struc-
ture (Ref. 4-27). However, the heat load using such a technique is predicted
te be significantly larger than for the folded epoxy-fiberglass columns shown
in Figures 4-16 and 4-18. Newer techniques using plastic honeycomb insulation
(PHI) deVeloped by Mitsubishi Electric Company show promise that cryostats of
simple design with lift-to-weight ratios approaching 50 can be made, but at

the expeﬁse of somewhat higher conduction heat loads.

(3) A.C. Losses. The third major loss — internal heat generation
by a.c. losses — is more difficult‘to estimate because of the dependence on
conductor design, the influence by the control coil and screening of the
external fields by the outer cryostat. These losses can arise from flux flow
through the superconductor (during current changes) .as well as eddy current
generation in the normal copper matrix, but the latter usually arises only
during current oscillations with frequencies larger than that expected to be
encountered in vehicle operation (i.e., greater than 10 Hz). It was shown

experimentally in Ref. 4-22 that, because of the small oscillation of the
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superconducting current about an equilibrium value, the choice of a large
single-core superconductor could reduce the a.c. heat losgses to 0.6 watt/
vehicle — several orders of magnitude lower than that expected for fine multi-
filament wire. However, moncfilament wire suffers from being less stable than
twisted multi-filament wire, so that the selection of a particular supercon-
ducting wire becomes a tradecff. The choice of a braided cable where each
strand is composed of one or several twisted filaments in a copper matrix
appears to offer the best solution, but this approcach must be teéted

experimentally.

E. Refriperation Requirements. Figure 4-17 shows cne refrigerator and

compressor servicing the two modules at one end of the vehicle. This is a
closed cycle refrigeration system in which the warm helium gas leaving the
module is recompressed, liquified, and recirculated. Although the refrigera-
tor should operate reliably with only routiné serviciné*, the baseline cryo-—
genic system is designed with liquid helium storage containers inside each
magnet dewar. These l6-liter containers are large enough to allow a maximum
4-hour vehicle operation should refrigerator failure occur. These containers
also enable transient heat loads, such as magnet energizing, to be more
easily dissipated, and provide a measure of the cryogenic performance of each
magnet by means of a liquid level detector. Each storage container forms part
of the cryogenic circulation system, with liquid helium from the refrigerator
first entering the shield coil, then the storage container. The main coil is
served by gravity feed from the 1l6~liter storage container with vapor return

lines from the main coil to the storage container.

An evaluation of the tradeoffs involved in providing onboard refrigera-
tion has been undertaken'by MCA. Examination of the type of cooling cycie
(Claude vs. Gifford-McMahon), the number of réfrigerators'fone per module or
one per vehicle), and number of compressors led to the following conclusions
for system optimization. A single compressor serving two Claude cycle expan=

sion engines located at the two ends of the vehicle (between the magnet

*For example, the Cryogenic Technology model 1400 liquifier/refrigerator
requires routine servicing only every 3000 hours.
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modules) offers the best compromise in terms of heat load, efficiency, size,
weight and cost; however, the second compressor is added for reliability. The
system utilizes compressors already under development and refrigerators that

are currently available and can readily be adapted to the required conditions.

A closed-cycle refrigeration system is our choice for large-scale
MAGLEV applications in order to avoid handling crycgenic fluids. However, it
is possible to operate the magnets in sealed cryostats (with no onboard
refrigerator) for several hours with the internal liquid helium reservoir, or
even for a whole day with a sufficiently large reservoir (Ref. 4-26). A
reassessment of the need for an onboard refrigerator should be made after
more experience has been obtained with the cryogenic problems of MAGLEV

vehicles.

4.3.2 Vehicle Dynamics and Control

A. Introduction

(1) Definition of Problem. The suspension system of a MAGLEV

vehicle must provide acceptable ride quality without excessive vehicle excur-
sions (stroke) in response to transient excitations and low-frequency periodic
disturbances, In principle, acceptable ride quality can be achieved with a
sufficiently soft (low stiffness) suspension and/or with sufficiently high
damping. The Repulsion MAGLEV concept is essentially a large gap, low stiff-
ness system; the natural frequency of the baseline Revenue TMLV (without
active control) is 1.41 Hz at the nominal 30 cm levitation height selected.
However, for realistic guideway roughness levels,* the suspension is not
sufficiently soft to meet the ride quality standards without damping, and
since there is very little inherent damping in the system, some fénn of

external damping must be provided.

Damping can be provided by passive means, e.g., with copper or aluminum
plates inserted between the levitation magnets and the guideway. Prior Ford
analysis, however, shows that there is a large weight penalty with this
approach, and it cannot meet the DOT-specified ride quality standards unless

the guideway is substantially smoother than the guideway used here, or unless

*The guideway design presented in Section 4.5.2 is characterized by a statis-
tical roughness coefficient, A, on the order of 1.5 x 10-6 m (slightly
better at long wavelengths).
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the vehicle is limited to low-speed operation, Recourse must be made, there-
fore, to an active damping system, In addition, as shown later, an active
control system can reduce the effective suspension system stiffness thereby
improving ride quality as -well as the ability to negotiate turns and grade

transitions,

Prior Ford studies also show that the vehicle dynamic motion can be
damped with a force proportional to vehicle velocity (rate damping), gener-
ated by means of a conventional electromagnet mounted external to the dewars,
i.e., between the levitation magnet and the guideway. The control magnet
interacts with the aluminum guideway elements and the levitation magnet field
to alter the force-velocity relationship; the force-displacement reiationship
is altered to change stiffness, The control magnet current and polarity are
varied subject to signals derived from onboard sensors and processed according
to the particular control strategy selected., The major problem addressed in
this study is the integration of a particular control strategy with the devel-
opment of multi-degree-of-freedom analyses to ascertain vehicle dynamic
response to random, périodic, and transient disturbances. The effort is
scoped to determine a feasible conceptual control system design, rather than

an optimum design based on broad parametric analysis,

(2) General Approach. A baseline control concept — derived from

prior Ford and Philco-Ford studies — was selected for detailed evaluation.
Absolute rate damping, i.e., relative to an inertial reference frame, is
provided, employing feedback of vehicle (absolute) velocity derived from
onboard accelerometer data. This inhibits the vehicle response to small
amplitude, high frequency guideway irregularities and produces a good ride.
The level of rate damping is optimized by adjusting the control system gain
parameters to achieve damping ratios as near to critical damping as possible,
while maintaining stability in all vehicle response modes and avoiding

excessively high or low natural frequencies in any of these modes.

Pogitive position feedback is also provided, based on data relating
vehicle position to the aluminum guideway surface and derived from body-
mounted gap sensors, This reduces the effective suspension system stiffness

thereby improving the ride.

Because inertial damping is used with this concept, there was initial

concern that the vehicle might not negotiate turns and grade transitions
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éfficiently, i.e., with short transition lengths. (This presumes, of

course, that short transition lengths are desirable, i.e., they result in

a cheaper guideway — a presumption which may not be correct for many route
specific situations.) Since grades and turns essentially produce large
amplitude, low frequency vehicle excursions, the vehicle's ability to

follow grades and turns should be improved by damping the vehicle motion
relative to the guideway at low frequencies. This is accomplishedrby gener-
ating a damping force proportional to vehicle velocity relative to the guide-
way. The appropriate feedback signals are derived from the aforementioned

gap sensor data. The resulting baseline system would then combine absolute

rate damping (with a high-pass filter), relative rate damping (with a low-

pass filter), and positive position feedback tc produce good ride quality

with improved ability to follow grades and curves. However, subsequent
analyses showed that for the baseline concept and parameter values chosen
herein, relative rate damping is beneficial only at very short transition
lengths, well below the length required to hold maximum wvehicle stroke below

the design goal. The preferred baseline control- concept, therefore, is

defined as positive position feedback with filtered absolute damping only.

The recommended damping ratios are in the range of 0.6 to 1.0, and the effec-
tive natural frequency is selected at 0,6 Hz, Also nonlinear feedback reduc-
tion is employed to assure stable operation in a transition to a downgrade.
Further details of the baseline control concept are‘given in subsequent
paragraphs of this section. Where possible, performance results are given

both with and without reiative damping.

Two alternate control strategies were briefly examined, primarily out
of concern that reliable, accurate gap sensors might not be available for
operatién over a wide range of environments. These are: (1) a simple wveloc-
ity feedback system with very high absolute (inertial) damping only, e.g.,
with damping ratios ~ 3 to 4, but without position feedback or gap sensors
(the system natural frequency is 1,41 Hz), and (2) acceleration feedback in
combination with absélute velocity feedback using moderate damping ratios
(~ 0.5 to 1.0). This second strategy eliminates the need for gap sensors,
and has the added advantage of improved response to crosswind gusts by virtue
of the increased apparent mass of the vehicle. The effective‘natural fre-

quency of the suspension system for the second alternate system is 0.6 Hz.
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(3) Study Results. Detailed results of the vehicle dynamics anal-

ysis are presented in subsequent sections of this report. A brief overview

of the study results is given here to summarize important points.

Overall performance characteristics of the three control concepts are

summarized in Table 2-1., The previously defined baseline position feedback

system meets the DOT ride quality specifications in all dynamic modes for
straight and level operations as well as for turns and grade transitions.

Note that the power spectral density criteria are essentially inapplicable

for turns and grade transitions, so only the DOT criteria on maximun sustained
acceleration and rate of change of sustained acceleration (jerk) are employed.
In negotiating a transition to a 2% grade, the vehicle maximum stroke¥® is

less than the design goal of 5 cm for transition lengths of 1 km. With the
amount of positive position feedback necessary to produce a vehicle heave
frequency of 0.6 Hz, the force-displacément relationship indicates an unstable
situation for upward excursions (transition to a "down' grade) greater than
several centimeters. This instability is remedied by employing nonlinear
feedback reduction for upward excursions. The baseline control concept can
also negotiate horizontal turns, .but modification of gain constants is found
necessary to improve vehicle dynamic behavior. Further improvement (pri-
marily in stroke) is possible, if necessary, by decreasing the amount of
absolute damping®® during transit through the turn. The necessary signals

can be obtained by wayside communication or by’increasing the capacity of the
onboard computer and employing it (in conjunction ﬁith the existing acceler-
ometers) as a simplified inertial navigator, For straight and level opera-

tion, the heave mode power consumption for the baseline concept is ~ 17 kW:

*Stroke is defined as the vehicle displacement from its nominal steady-state
position relative to the guideway surface. The physical clearance between
the bottom of the control coil and the guideway is nominally 19 cm so the
design goal of 5 cm maximum stroke is very conservative., Lateral clearance
is nominally 23 cm, but the same design goal on maximum stroke is employed.

*%The absolute damper (in combination with centrifugal force) is essentially

trying to pull the vehicle toward the guideway during passage through a turn
thus decreasing the clearance between the vehicle and the guideway.
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total power consumption for all modes is estimated at ~ 25 kW, The short-
time multi-mode power demand for negotiating a 1 km transition to a 2%
upgrade is estimated at ~ 150 kW; comparable power for a down-grade is

~ 60 kW,

The alternative acceleration feedback concept dispenses with the gap

sensor, But still meets DOT ride quality specifications for all dynamic modes
and on turn and gfade transitions as well as on straight and level portions
of the guideway. A grade transition length of 6.5 km, however, is required
to prevent vehicle maximum stroke from exceeding the design goal of 5 cm
during approach to a 2% grade. Horizontal turn negotiation was not examined
in detail; but it appears that vehicle dynamic response is somewhat better
than with the baseline concept. Further improvement in stroke performance

is achievable by reducing the level of absolute damping (during passage
through the turn) in the aforementioned manner. Heave mode power consumption
for straight and level operatiom is ™ 17 kW; total power consumption for all

modes is estimated at ™ 30 kW.

The alternative heavy damping concept also dispenses with the gap sensor

and meets the appropriate DOT ride quality criteria. For an absolute damper
filter frequency of 0.6 Hz, a (2% grade) transition length of 4 km is
required to prevent vehicle maximum stroke from exceeding the 5 cm design
goal, Heave mode power consumption for straight and level operation is

~ 32 kW, total power consumption for all modes is estimated at ~ 50 kW, No
evaluation has been made for horizontal turn negotiation, but no insurmount-

able problems are expected.

The foregoing brief review of the vehicle dynamic analysis indicates
that all of the above systems are feasible and meet the appropriate ride
quality specifications. The baseline concept permits much shorter grade
transitions but requires gap sensors. Further'analysis involving route

specific considerations is obviously required pricr to final system selection.




B. Control Concept. This section presents a general discussion of the

baseline TMLV control concept and its alternatives. Details are given in
Section 4.3.2C and Appendices B and C., The present discussion considers the

following subjects:
e TFeedback Logic
‘o Signal Filter;ng
e Signal Mixing
¢ Modal Gains and Control Current Commands

(1) Feedback Logic. In general, a control concept can provide for

feedback of any combination of the following signals:
e Position relative to the guideway (gap)
e Inertial acceleration
e Velocity relative to the guideway (relative rate)
e Inertial velocity (absolute rate)

Pogitive position feedback is employed with the baseline concept to
reduce the effective suspension system stiffness in order to improve ride
quality. Another technique — inertial acceleration feedback — alsc improves
ride quality, since it increases the vehicle apparent mass thereby reducing
the suspension system natural frequency. This has the same effect as reducing
the suspension system natural frequency with positive position feedback,
except that the effect of magnet force nonlinearities is less significant
with acceleration feedback than it is with positive position feedback. As
stated earlier, acceleration feedback was subsequently considered as an

alternative to the baseline position feedback concept.

Rate feedback is used to provide increased damping (above the level
provided by passive damping forces). Absolute rate feedback is used to pro-
vide damping relative to an inertial reference frame in order te improve ride
quality and is common to all control concepts studied. Relative rate feed-
back provides damping relative to the guideway and may improve the wvehicle's
ability to follow grades and turns. The final, preferred baseliné control

concept, however, does not employ relative rate damping, as discussed earlier.
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'(2) Signal Filtering. Tradeoff analyses were conducted both with

and without relative damping which incorporate signal filtering, Signal
filtering is employed to allow satisfactory ride quality to be achieved simul-
taneously with the ability to follow grades and turns. In essence, weighting
of relative rate signals is increased at low frequencies to improve track-
following ability, while weighting of absolute rate signals is increased at
high frequencies to enhance ride quality. This is accomplished by providing

a combination of absolute rate damping with a high pass filter and relative

rate damping with a low pass filter.

(3) Signal Mixing. Accelerometers and gap sensors located on the

vehicle near each of the magnet coil assemblies pro?ide inertial acceleration
and relative position measurements, respectively, Absolute and relative rate
signals afe derived from the acceleration and position signals. These sig-
nals are then modified by gain constants selected to achieve the desired com-
bination of acceleration, rate, and position feedback. (Detailed discussion
of gain selection is given in Section 4.3.2C. and in Appendix C.) The rate
signals are then filtered as described above, and the acceleration, position,
and filtered rate signals from each of the sensor locations are combined to

generate "'pseudo state variables."

These pseudo state variables constitute

a set of five signals, each of which relates exclusively to one of the five
fundamental degrees of freedom (pitch, heave, roll, sway, yaw) of the vehicle.
Thus, the pseudo state variables are basically modal signals, and the signal
mixing process is essentially a Fourier decomposition of the filtered sensor
signals into their fundamental modal content. (Details are given in

Appendix B and Section 4.3.2C.). These modal signals are then further mod-

ified and operated on, as indicated below, in order to generate the ultimate

control signals wh.:. w=stablish the appropriate currents in the control coils.

(4) Modal "~ins and Control Current Commands. The modal signals

derived from the sensor signals are modified by individual "modal gain con-

' The gain constants are selected

stants" to produce '-ndal control signals.'
sr uhiat these modal control signals ensure stability with adequate damping in
all modes. The modal control signals are then recombined to generate indi-

vzl control signals to each of the control coils. These control signals
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establish current levels in the control coils which produce the appropriate
combination of forces and moments to damp the vehicle motion in all modes.

Details are given in Appendices B and C and the following discussion.

C. Dynamic Model. Modeling of vehicle dynamics and studies of stability

characteristics are summarized in this section. Detailed derivation of the
relevant equations is described in three appendices. Formulation of the
magnetic force model is treated in Appendix A, derivation of the equations
of motion including the contreol function is presented in Appendix B, and
techniques employed for stability studies and selection of gain values are

detailed in Appendix C.

(1) Vehicle Schematic and Dynamic Model. The vehicle is treated as

a rigid body supported at four coil modules by forces and moments resulting
from interaction of the levitation coils with a pair of L-shaped guideways.

A control coil is placed at the bottom of each levitation module assembly to
provide the requisite control forces for maintenance of vehicle stability

and ride qualify. Control current commands are generated through appropriate
filtering and mixing of both acceleration infofmation and relative displace-
ment data at each of the coil assemblies. The eight sets of information are
reduced to four separate current commands. A schematic for signal mixing

and current command generation is shown in Figure 4-19.

The state of motion of the vehicle is defined in terms of five state

variables which represent the following five rigid body degrees of freedom;
Z downward displacement of vehicle ec.g.
8 pitching rotation about the body pitch-axis
Y lateral displacement of vehicle c.g.
¢ rolling rotation about the body roll-axis
¥y  yawing rotation about the body yaw-axis

For vehicle operation at constant speed the equation for forward displacement
of the c.g. along the direction of motion is a trivial identity defininglthe
amount of thrust necessary to maintain the speed. A block diagram showing

the interaction of control forces and passive magnetic forces with the vehicle

is shown in Figure 4-20,.
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FIGURE 4-19. SIGNAL MIXING AND CONTROL
CURRENT COMMANDS SCHEMATIC

Due to the symmetrical placement of the four coil assemblies, there is

no dynamic coupling between the (Z, 8) group of equations and the (Y, &, ¥)

group. 'This allows separate studies of vertical and lateral dynamics.
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The matrix equations defining the vehicle motion have the following fomrm:
[52 I - A+ B, Q.. K, K_] [Z] = (B, Q.o Kg P + Cq]
s~ fg T Ps Rgg "5 “og! s s g Xg Fgg My T G5l €

+ [Dg] M+ [Lg]

Y
2
- + =
[s" I, - A4+ By Q Ky Koy {3] (B, Quu Ky Byg By ¥ G4l €
+ ' + 7L
[By Qua Ky Pyy Byt + 00 M+ [L]
All matrices cited above are defined explicitly in Appendix B.

Note that in both groups of equations, dynamic coupling between the
state variables of wvehicle motion will vanish if the vehicle center of gravity
lies inlthe plane of the coils {¢=0) and if the vehicle center of gravity is
at the midpoint between the front and rear coils (aF=aR). This suggests the
possibility of simplified, approximate models in which the number of degrees
of freedom is reduced by eliminating certain state variables. These sim-

plified, approximate models are discussed in subsequent parts of this sectien.
Selection of control gain values is also discussed below.

(2) Definition of Vehicle Parameters. Mass properties and geomet-

rical description of the preliminary conceptual vehicle configuration used in

the vehicle dynamics calculations are summarized below:

m  vehicle mass 45400 kg (wt = 444.8 kN or 107 1b)

7.5 x 10% kg-m?
6

A rolling moment of inertia

B  pitching moment of inertia = 3.4 x 10 2

kg-m
C  vyawing moment of inertia = 3.4 x 100 kg-mz

These values were subsequently modified for the (lighter) baseline vehicle

(baseline values are given in Section 4.2.4).

The vehicle is provided with four identical levitation coil assemblies,
Each consists of two levitation coils end-to-end with overall centerline
dimensions of 0.5 by 3.0 m and a control coil with identical centerline
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dimensions, located 0.1 m below the levitation coil. The levitation coil is

nominally located 0.3 m above the guideway surface with the center line of the

nearside winding

0.3 m from the vertical surface of the guideway.

Positions relative to the vehicle c.g. are listed in Table 4-12 for

individual ceoil modules and two other sets of related points. The thrust

line is located at 2.72 m above the vehicle c.g. and it is assumed to be

parallel to the direction of motion,

TABLE 4-12. COORDINATES OF MAIN COILS, VEHICLE EXTREMITIES,
AND PASSENGER [OCATIONS®
POSITION INDEX X Y z REMARK
RIGHT FRONT 1 ap b c ap = 9.00
MAIN
CoIL LEFT FRONT 2 ap -b c ap = 7.65
CENTER
LINE RIGHT REAR 3 -ag b c b = 0.985
LEFT REAR 4 -ag b ¢ ¢ = 1.21
RIGHT FRONT 1 ayg b, c, ayg = 16.2
i
LEFT REAR a4 -ayg b, c, c, = 1.21
RIGHT FRONT 1 E b, <, app = 8.2
CORNERS CF LEFT FRONT -b -
PASSENGER 2 %kF By 5 2pR = 11.2
COMPARTMENT /|  RIGHT REAR 3 -apg by s hp = 1.08
LEFT REAR 4 -apg b, c c = -0.39
NOTE X -—AXIS  POSITIVE FORWARD

Y — AXIS POSITIVE TO THE RIGHT
Z — AXIS PCSITIVE DOWNWARD

*VALUES FOR THE PRELIMINARY CONCEPTUAL VEHICLE USED FOR
DYNAMICS AND CONTROL, STRUCTURES, AND AERODYNAMICS ANALYSES
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(3) Magnetic Force Model. Forces and moments acting on a coil

moving above a non-magnetic conducting medium are generated from interaction
of current in the coil and an eddy current field created in the medium during
the passage of the coil, Theoretical analyses and experimental measurements
performed by the Scientific Research Staff of Ford Motor Company (Ref. 4-22)
have established an adequate approach for the prediction of force and moment
characteristics for rectangular coils moving at finite speeds over realistic
guideway configurations. A detailed description of this approximate method
may be found in Appendix A, including consideration of a control coil at a

fixed distance from the levitation coil.

Pitching moment and yawing moments referred to the center of the main
coil have been neglected in the derivation of the analytical force model for
this study. This simplification is a good analytical approximation because
amplitudes in pitch and yaw will be much smaller than amplitudes in roll due

to the large longitudinai separation of the forward and rear coil assemblies

compared to the lateral separation between the left side and right side coils.

The magnet force components normal to the guideway surfaces and the rolling
moment about the longitudinal axis through the center line of the main coil

are given below in terms of coil orientation reckoned from its nominal

position:
Ah ah! é Y X
Fi = 1.1120(05) | -8.9372(05) | +8.2437(04) | -1.2899(04) | +3.3981(05)| 1
-3.0328(06) | +2.4477(05) | +6.6260(03) |+2.7177(05)| «
-2.6868(06) | +1.6119(05) | +2.9376(04) o
F, = 3.9640(04) | +8.2437(04) | -3.2430(05) | -4.7202(04) | +6.3715(04)| 1
+2.4477(05) | ~5.4840(05) | =1.4250(05) | +2.7417(04) | «
+1.6119(05) | -2.6359(05) | +9.2180(04) ol a2
L = 1.1768(04) | -1.2899(04) | -4.7202(04) | -2.3642(04) | +2.7473¢04) | 1
+6.2601(03) | -1.4250(05) | -1.0240(05) | +1.4795(04) | «
+2.9376(04) | +9.2180(04) | -1.0968(05) @2

The above values are for the preliminary conceptual vehicle of 444.8 kN

(100,000 1b) gross weight and a speed of 134 m/s. The nominal position of"
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the coil assembly relative to the guideway is shown in Figure 4-21, The
number of ampere turns in the main coil is ~ 4,3 x 107 and the control cur-
rent parameter o 1s the ratio of ampere turns in the control coil to that in

the main coil.

Tﬁe magnetically-induced drag force on each levitation coil module in a
corner is given by the sum of FL and FG divided by 61.505, the value for
lift/drag ratio for an infinite plate at a speed of 134 m/s. TFor speeds
other than 134 m/s, the above result is multiplied by the ratio FL,V/FL,134'
The variation of this ratio and the lift/drag ratio with speed is shown in

Figure 4-23. The l1ift force capability of the levitation coil at 134 m/s and

coil elevations other than 0.3 m is shown in Figure 4-22.

(4) Nonlinear Magnetic Force Considerations. Important considera-

tions relative to magnet force nonlinearity are discussed in this paragraph.

The magnet force-displacement curve is quite nonlinear; hénce, a linear
approximation provides an accurate representation of force changes only over
a very limited range of excursions from the nominal vehicle position.

Figure 4-24 shows magnetic force characteristics with (0.6 Hz) and without
(1.41 Hz) positive position feedback. It can be seen that without position
feedback, a linear approximation results in errors exceeding 20% for excur-
sions greater than about 3 e from the nominal position. The errors are even
larger with positive position feedback. This occcurs because the slope of the
force displacement curve is reduced by the position feedback. If linear
feedback is employed, the nonlinear content of the force-displacement curve
is unaltered, therefore, the nonlinear effect is larger relative to the

linear term than without position feedback.

Furthermore, with the amount of linear positive position feedback
required to produce a vehicle heave frequency of 0.6 Hz, the force-
displacement relation indicates an unstable situation for upward excursions
greater than several centimeters. This is shown by the dashed portion of the
0.6 Hz curve in Figure 4-24. This instability can be remedied by employing
nonlinear feedback reduction for upward excursions, as indicated by the solid
portion of the 0.6 Hz curve in Figure 4-24 to the right of the nominal 0.3 m

elevation.
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VARIATION OF LIFT WITH SPEED
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The effect of nonlinear feedback reduction is shown parametrically in
Figure 4-25. The value of the nonlinear feedback reduction parameter K 2
is selected on the basis of stroke' limitation during negdtiation of a grade
transition; that is, the value of Khz is selected so that the vehicle excur-
sions from its nominal position while negotiating a grade transition is
limited to acceptable values for grade transitions of reasonable length., In
Paragraph 4.3.2D(2) it will be shown that a value of K2 = -2.5 results in a
stroke of about 4 cm for a 1 km grade transition, i.e., below the 5 cm design

goal.

(5) Simplified Heave Model. A point mass heave model is cobtained

by retaining only the leading diagonal elements of the vertical equations
developed in Appendix B. By virtue of the single mass point stipulation,

guideway irregularities at all four coil locations must be identical, i.e.,
€1=€2=€3=‘;4=Zg

The reduced equation and a formal scolution for Z in terms of Zg is given in

Table 4-13, The functiénal relationships of various terms are also shown.

It is demonstrated in Appendix C that when the relative rate gain Kﬁ
and the absolute rate gain K2 take the same numerical value, the effect of
the filter time constant can be ignored. An initial selection of gain values

can thus be obtained from examination of the simplified heave model.

The following force coefficients apply for the preliminary conceptual

vehicle:
FLh = -893720
FL& = 339800

The modal gain KZ will be taken to be unity. For a vehicle weight of 444.8 kN,

with both time constants set to zero it follows that

Z1 Kﬁ s + (Kh + 2.63)
% (0.0334+K) s + K. s + (X_+ 2.63)

4=177
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TABLE 4-13. ONE DEGREE-OF-FREEDOM POINT

MASS MODEL IN HEAVE

2 2 =
[ms ~4F |, 4[F-LaKz(s HS + Hhﬂ Z = [4FLh —4F | Kz Hh:l Zg

K.S
K7 _ h
_ 2’2 . H = K, +
He = K3 . Hyp h
5 Z 14 725 T+ 7,3
2
z _ byS2 + by + by
Zq
a054 + 3153 + azs2 + ags + a4
— o+ K3)
an =. =) . T
0 Z' 'h'2 a
4F qKz 4
— o+ Ky )+ K b
a; = + Ky)lm + T5) + Ks 1, T
i Z1\Th *t T2 2" "2 o
4F aKz
m F .
- ‘ . Lh ) b
an = (———— +K3) + (K — ) 77 + Ky + K3 T 1
z h hTz h z! Tz
4F gz FlaKz _
FLh b
83 = ‘Kh— ) (Th + sz + Kh 2

Fﬂ_aKZ

Previous studies have established that an undamped frequency of 0.6 Hz with

0.6 critical damping is desirable. Hence,

(k, + 2.63)/0.0334 = (0.6 x 2m)

R, =2 x 0.6\{0.0334(Kh + 2,63)

which results in

Kh = -2.1553 Kﬁ = 0.1511
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The actual values used for subsequent analyses of ride quality are

K -2.155 K. =0.15

¢} !

K. =20 K. = 0.15 K, =1
z z Z

This completes the selection of gain values for vertical dynamics. Effects

of varying the pitch mode gain K_ have been presented in Appendiz C, where

B
it is shown that a value of Ke = 1 will produce acceptable stability

characteristics,

(6) Simplified Sideway/Roll Model. A similar simplification of the

lateral dynamics group leads to a sideway/roll model by ignoring the yaw

variable. The resulting equations are displayed in Table 4-14.

(7) Gain Selection for Lateral Stability. In general, there will

be three distinct natural frequencies in lateral dynamics (roll/sway/yaw).
Gain values must be selected to ensure stability as well as to satisfy cer-
tain ride quality bounds for anticipated guideway irregularities. Attainment
of the first objective of lateral stability calls for a systematic search for
all relevant gain values for the lateral group, while accepting gain Va1ues

already defined for the vertical group.

Due to the presence of time constants for signal filtering, the degree
of the resulting polynominal is 12. This may be reduced to 9 by using the
same time constant for all channels. Of these nine roots, three conjugate
pairs pertain to lateral stability and the other three roots relate to the
denominators of the filtering function. To ensure stability, all rcots must

have negative real parts.

The most direct search technique is to chart the movement of all roots
as individual gain values are varied. 1In order to reduce the number of
natural frequencies involved in the response analyses, it is also desirable

to have at least one set of double roots among the selected conjugate pairs.
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The above process has been carried out and a set of gain values has been
found which will satisfy all stability requirements. These gain values are

listeq below:

Vertical Channels Lateral Channels

Modal Gains: K, =1 K, = 0.52

Ke =1 K¢ = 1.25

K¢ = 3.5

Abs. Rate Gain: Ké = 0.15 K? = 0.29
Acc. Feedback Gain: KE =0 K? = -0.02
Rel. Rate Gain: Kﬁ'= 0.15 Kﬁ- = 0.29
Pos. Feedback Gain: Kh = -2.155 Kh' =0

Undamped frequencies and system damping assoclated with the above set of

gain values are:
0.515 Hz with 0.768 critical damping
O.?B& Hz with 0.798 critical damping
1.016 Hz with 0.673 critical damping

A map of relevant roots in the vicinity of this region is shown in
Figure 4-26. The points corresponding to the previously given set of gain
values are shown circled in this figure. These values have been used for

evaluation of ride quality discussed in Section 4.3.2D.

Further refined search revealed that a double root is located at

Ky = 0,5182 and K).r =K:,= 0.,2935, corresponding to undamped frequencies and

hl
system damping of

0.60 Hz with 0.80 critical damping
1.02 Hz with 0.68 critical damping
These are shown as double circles in Figure 4-26.

A systematic process is presented above for the selection of gain values

to ensure vehicle stability. However, additional iterations and search may
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be needed to fulfill all other ride quality specifications and dynamic
response limitations (e.g., stroke restrictions) imposed on the vehicle

design.

D. Vehicle Response to Random and Periodic Guideway Disturbances. This

section presents the results of an analysis of vehicle dynamic response to
guideway random irregularities and periodic disturbances. The analysis pro-
vides an assessment of ride quality, stroke (vehicle excursion from its
nominal position relative to the guideway), and control power requirements.
A 1 DOF (heave) model is utilized for broad parametric studies, and a multi-
mode (5 DOF) meodel is employed for detailed analyses of the dynamic response

of the preliminary vehicle configuration.

(1) Single-Degree-of-Freedom Dynamic Studies. A 1 DOF (heave)

model has been utilized for parametric investigation of vehicle dynamic
response to guideway random irregularities and also for analysis of vehicle
response to certain guideway periodic disturbances. The following analytical

investigations were performed:
® Effects of position feedback and damping
# Effects of filter parameters

¢ Response to guideway roughness during negotiation of a grade
transition

® Response to periodic gaps in the guideway
¢ Response to flexible guideway deformations

The results of these dynamic analyses are presented in the following
sections. All analytical results are based on a guideway random roughness
power spectral density (PSD) relation of the form Alz, where ) 1s the spatial

6 m (5

wavelength and the roughness coefficient A is taken to be 1,5 x 10°
X 10"6 ft).* This expression is believed to be inaccurate, however, for

characterizing real guideways at long wavelengths of interest (or frequencies
< 2 Hz). Accordingly, investigations were conducted to assess the influence

of roughness roll-off in this frequency domain.

*Although only a single value has been used for A, the PSD and rms values for
acceleration, gap, current, power, etc,, scale as a function of A, thus it is
easy to extrapolate the results to other values.
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a. Effects of Position Feedback and Damping. This paragraph

discusses the effect of position feedback and damping on ride quality, stroke,

and power requirements.

The natural frequency of the baseline MAGLEV suspension without peosition
feedback is 1.41 Hz. Positive position feedback is employed to lower the
suspension natural frequency and thereby improve ride quality. Figure 427
shows the effect of suspension natural frequency (fN) on ride quality. The
acceleration PSDs shown in this figure were calculated using a 1 DOF (heave)
dynamic model with absolute (gA) and relative (gR) damping ratios equal to

1.0, and with filter corner frequencies® equal to 0.25 Hz.

It is seen from Figure 4-27 that the heave mode acceleration PSD exceeds
the DOT ride quality spgcification in the vertical direction if the suspension
frequency is greater than about 0.95 Hz. The ride quality specification can
be met with higher values of the suspension natural frequency only if the
absolute damping ratioc is increased, as shown in Figure 4-28. This will be

discussed in more detail below.

A suspension natural frequency of 0.6 Hz was selected for the baseline ’
control concept. As seen in Figure 4-27 this provides some margin to allow
for multimode (pitch-roll-heave) dynamic response effects without exceeding

the ride quality specification.

Figure 4-28 shows the effect of damping on a system without position
feedback (suspension frequency = 1.41 Hz). Acceleration PSDs are shown for
several values of the absolute damping ratio, with the relative damping ratio
equal to zero. (A gap sensor, which provides the rélative rate signal
required for relative damping, probably would not be used in a system without
position feedback.) It is seen from Figure 4-28 that a damping ratio of 3
or 4 is required to meet the ride quality specification with some margin to

allow for multimode dynamic response effects.

Figure 4-29 shows the effect of damping on the ride quality of the base-
line control system with position feedback (suspension frequency = 0.6 Hz),
It is seen that acceptable ride quality in the heave mode is obtainable over

a wide range of damping ratios.

*“The corner frequency is where the filter is rolled off.
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Figure 4-30 shows the effect of damping on the rms stroke characterizing
the vehicle response to guideway roughness. Curves of rms stroke vs. damping
ratio are shown both for a system with (0.6 Hz) and a system without (1.41 Hz)
position feedback (i.e,, gap sensor). For a system without position feedback
the rms stroke is somewhat higher at the higher values of damping required
for acceptable ride quality. However, even without position feedback the

rms stroke is only 1.7 cm or less.

Figure 4-31 shows that the ride quality of the baseline system is

improved by eliminating relative damping. Relative damping can improve the

1.8
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FIGURE 4-30. RMS STROKE VERSUS DAMPING RATIQ
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ability of the veHicle to follow grade transitions and turns. However, as

is discussed in Paragraph 4.3.2.E(l) this effect is negligible in the case of
the baseline system with position feedback for grade transitions of practical
length. As indicated on Figure 4-31, the rms stroke characterizing the
vehicle response to guideway roughness is smaller with relative damping than
without. However, for the guideway roughness under consideration, the rms
stroke without relative damping is only 1.71 em. These considerations indi=-
cate that relative damping can be reduced or even eliminated without signifi-

cant adverse effects on vehicle excursions relative to the guideway.

10'3 L
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Figure 4-32 shows power spectral density plots of the control current
ratio o« (ratioc of control coil current to levitation coil current). These
curves indicate the spectral composition of the 12R power loss in the control
coils. The control current PSDs are shown both with (0.6 Hz) and without
(1.41 Hz) position feedback, and for two values of damping ratio iﬁ each case.
The relative damping ratio is taken equal to the absolute damping ratio for
the system with position feedback. TFor the system without position feedback,
the relative damping is taken equal to zero, reflecting the absence of a gap

sensor, as explained previously.

Figure 4-33 shows the influence of the damping-ratio on the mean square

control current ratio az.

The mean square control current ratio is propor-
tional to the average I2R power loss in the control coils. The approximate
value of the actual IZR loss is indicated on the vertical scale at the right
of the figure. Curves are presented both with and without position feed-

back, and, in each case, with and withoutvrelative damping. Relative damping
is shown in the case of a system without position feedback for comparative
purposes only, and as in the case of a system with position feedback, the
relative damping is taken equal to the absolute damping. It is seen that the
control power is significantly lower for a system with position feedback and
relative damping than it is for the system without relative damping. For a
system without position feedback and relative damping, the control power is
significantly higher at the highef‘values of absolute damping required for
acceptable ride quality. However, the heave mode control power is léss

than about 35 kW in all cases, except that the multimode dynamic response
effects will result in somewhat higher contrecl power requirements than the
values indicated for the heéve’mode only. This will be discussed in more

detail in a subsequent section.

b. Effects of Filter Parameters. This paragraph presents the

results of a parametric study of the effects of filter parameters on the ride

quality of the wvehicle.

1. First Order Filter Corner Frequencies, The filter for

the absclute damper is a high pass filter with a corner frequency fA’ and the
one for the relative damper is a low pass filter with a corner frequency

fR. The corner frequencies fA and fR are the first order filter parameters

4-91



10-2

l\
\ fp = fp = 0.256 HZ
s A~ TR
/ \ia=4
e fpy = 0.6 HZ
/ \
l ' \ fA = fR = f

ol \ (WITH POSITION FEEDBACK)

/ - - = fy =141 HZ

103 ‘g =0

(WITHOUT POSITION FEEDBACK)

CONTROL CURRENT RATIO PSD (a2/HZ)

10®

\ ¢ =06
106} besn
\
. / A=y
5 | 1 | | ] | |
0.1 02 05 1 2 5 10 20

FREQUENCY (HZ)

FIGURE 4-32. CONTROL CURRENT RATIO PSD VERSUS FREQUENCY AND
DAMPING RATIO

4-92




0.04

.’az 0.03

0.02

which have been investigated in the present study.

MEAN SQUARE CONTROL CURRENT RATIO, a2

0.0020

0.0018

0.0016

0.0014

0.0012

0.0010

0.0008

0.0005

0.0004

0.0002

2 32
fy = 0.6 HZ fy = 1.41 HZ 4
tR=0.5a=% ‘a=§

‘R =;/

\ / — 24

WITH GAP /

SENSOR fy = 0.6 HZ

2R LOSS
(Kw)
16
8
A=15%x106m
| I l 0

1 2

3 : 4

DAMPING RATIO, ¢

FIGURE 4-33. MEAN CONTROL CURRENT RATIO
VERSUS DAMPING RATIO

Absolute and relative

damping ratios were taken equal to 1.0 for this investigation.

Figure 4-34 shows the effect of the corner frequencies on the ride

quality for the case where fA = fR. It is seen that lower values of the

corner frequencies result in improved ride quality.

figuration a value of

f

A

= f =

R

For the conceptual con-
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was selected for' the corner frequencies. Although heave mode acceleration
PSDs corresponding to somewhat higher corner frequencies will not violate
the ride quality specification, the value selected for the corner frequencies

(0.25 Hz) provides margin to allow for multimode (pitch-roll-heave) dynamic

response effects.
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Additional parametric investigations were conducted to assess the effects
of using different corner frequencies for the absolute and relative dampers.
Figure 4-35 shows the effect of varying fR with fA = 0.25 Hz, and Figure 4-36
is a similar plot with fA = 1.0 Hz. Figure 4-37 shows the effect of varying
fA with fR = 0.25 Hz. Separating the absolute and relative damper corner
frequencies does not appear to improve ride quality, in fact in most cases
it results in poorer ride quality. It is concluded there is no advantage to

using different corner frequencies for the absolute and relative dampers.

2. Second Order Filter. The possibility of using a second

order filter to achieve improved low frequency stroke response was also
investigated. It was found that although improved low frequency (<0.2 Hz)
stroke response can be achieved, the peak stroke resﬁonse (which occurs near
0.5 Hz) is actually worse. Similarly, ride quality is better at high fre-
quencies, but the peak acceleration response near 0.5 Hz is worse. It is
concluded that a second order filter offers no clear advantage over a first

order filter.

c. Ride Quality in a Grade Transition.* This paragraph dis-

cusses vehicle response to guideway roughness during a grade transitionm.

During negotiation of a grade transition, centrifugal forces and the
action of the inertial (absolute) damper cause the vehicle to move to a new
equilibrium position relative to the guideway. Because of the nonlinearities
in the magnet force law, any vehicle excursion from the nominal position
relative to the guideway results in an increase in the effective suspension
stiffness.** The effective stiffness becomes greater as the vehicle excur-
sions increase. As the transition length to a given grade becomes shortert,
the vehicle accelerations increase, which in turn cause larger excursions of

the vehicle from its nominal position (and an increasingly stiff suspension).

*DOT and MITRE Corp., personnel have suggested that the acceleration PSD
criterion on ride quality is not appropriate for the short-time operation
associated with turns and grade transitions. Pending establishment of a
realistic criterion for these operations however, the acceleration PSD
technique is used for the analysis reported in these paragraphs.

*%This increase in stiffness occurs for both up and down excursions for the
baseline control system, 1.e., one with a gap sensor and feedback reduction,
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The increased effective suspension stiffness in the grade transition
results in poorer ride quality in response to guideway roughness. Figure 4-38
shows heave mode acceleration PSDs for various transition iengths to a 2%
grade. Because the nonlinearities in the magnet force law are not symmetrical
about the nominal vehicle position, the acceleration PSD for an "up transition"
(increasing slope) differs from that for a '"down transition' (decreasing

slope). The acceleration PSDs shown in Figure 4-38 were computed for the
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baseline configuration (with position feedback) and with the relative damping
ratio equal to the absclute damping ratic. It is seen that ride quality in
a grade transition is degraded relative to that on a level guideway. For the
condiﬁions used in Figure 4-38, the ride quality specification is exceeded
for grade transitions less than ten kilometers in length. It should be noted

that consideration of multimode dynamic response effects will cause the ride
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FIGURE 4-36. ACCELERATION PSD VERSUS CORNER FREQUENCY,
FR (fA = 1 HZ)
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quality specification to be exceeded for even longer transition lengths.
However, since a g?ade,transition is a transient effect, it may be possible
to exceed the ride gquality for this short period without much passenger dis-
comfort. For examéle at 134 m/s, the ride quality in a 5 km grade transition
would be exceeded less than 37 seconds, and only seven seconds in a 1 km

transition.
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Fy = 0.6 HZ
fa=tg=1
tg = 0.25 HZ

A=15X 108 m

ACCELERATION PSD (g2/HZ)

21~

106 | | | | [ | |
0.1 0.2 05 1 2 5] 10 20

FREQUENCY (HZ)

FIGURE 4-37. ACCELERATION PSD VERSUS CORNER FREQUENCY
fA (fR = 0.25 HZ)
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Figure 4-39 presents gimilar heavevmode acceleration PSDs for the base-
line conceptual configuration (with position feedback), but without relative
damping. Again,. it islseen that ride quality is degraded feiatiﬁe to that on
a level guideway. However, éomparison with Figure 4-38 indicates that ride
quality is improved by eliminating relative damping. Without relative damping,

heave mode acceleration PSDs exceed the ride quality criterion for grade
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transitions less

than 4 km (as compared with 10 km for a system with relative

damping) .
103 VERTICAL SPEC
fy = 0.6 HZ
5 fA = fR = 0.25 HZ
ta=1,tg=0
UP TRANSITION
= = = DOWN TRANSITION
2
A=15X10%m
104
N 5 '
I
C;l\ A
R ‘
jm]
g TRANSITION
z LENGTH
8 TO 2% GRADE
< 105 5 (KM)
[amy
w
d r \ 2
§ 5 WN\\4
V.4
6
6
2 L
| ' « (LEVEL GUIDEWAY)
106 | L | | | [ |
0.1 0.2 0.5 1 2 5 10 20
FREQUENCY (HZ)
FIGURE 4-39. ACCELERATION PSD ON A TRANSITION TO A 2 PERCENT

GRADE - WITH POSITION FEEDBACK BUT NO RELATIVE -
DAMP ING

4-100



Figure 4-40 shows the dependence of ride quality on transition length
(to a 2% grade) for a system without position feedback and without relative
damping. For such a system, magnet force nonlinearities cause ride quality
degradation only on an "up transition", and the curves in Figure 4-40 are
for this case. It is seen that the hHeave mode acceleration PSDs exceed the

ride quality specification for transition lengths less than about 5 km.
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FIGURE 4-40. ACCELERATION PSD ON A TRANSITION TO A 2 PERCENT
GRADE - WITHOUT POSITION FEEDBACK
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Figure 4-41 indicates how the rms stroke (in response to guideway rough-
ness) varies as a function of transition length to a 2% grade. These results
are presented for the baseline configuration with relative damping. It is
seen that the rmé stroke on a grade transition is less than that on a level
guideway. Figure 4-42 shows how the increase in control current ratio (in
response to guidéway roughness) depends on transition length to a 2% grade
for the baseline control scheme. The control current requirement {in response

to guideway roughness) is less on a grade transition than on a level guideway.

d. Response to Periodic Gaps in the Guideway. The one DOF

nonlinear dynamic model has been employed to evaluate vehicle response to
periodi; gaps in the guideway. The lift reduction due to the presence of a
gap is given in Section 4.5.2D. Absolute and relative damping ratios were
taken equal to 1.0. Figure 4-43 shows the time histories of vehicle motion
after encountering gaps every 7.6, 15.2, and 30.5 m (25, 50, and 100 ft).

A time history is:also shown for a single, isolated gap. Physically, the
plots represent the case of a vehicle traveling over a gap-free guideway then
suddenly encountering, at time = 0, a section of guideway with evenly spaced
gaps (or only a single gap)., A momentary loss of lift occurs over each gap,
and the closer the gaps are spaced, the more the reduction in integrated 1ift -
and the closer thée vehicle will approach the guideway. There is a transient
period before the vehicle reaches the equilibrium position. Each small wave
on the three lower curves shows the response to a single gap for the one DOF
model. It is seen that the steady state excursion of the vehicle from its
nominal equilibrium position is less than 1.5 cm for a gap spacing of 50 feet

(15.2 m) or more.:

Figure 4-44 shows passenger compartment acceleration as a function of
gap spacing. It is seen that the peak acceleration is less than the minimum

objective for gap spacings of 15.2 m (50 ft)} or more.

e, 'Resgpnse to Elevated Guideway Deformations. Estimates are

given in Section 4.5.2B of elevated guideway deformations under dynamic
-vehicle loading for the preliminary elevated span designs. These guideway

deformations have ‘been utilized as input excitation to the vehicle dynamic
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FIGURE 4-44. PASSENGER COMPARTMENT ACCELERATION AS A
FUNCTION OF GAP SPACING

model in order to provide a predynamic response. Maximum vertical accelera-
tion levels were found to be 0,055 g, indicating that the dynamic behavior
of a vehicle in response to a properly designed elevated guideway will not

result in unsatisfactory ride quality.

(2) Multi-Degree-of-Freedom Dynamic Studies. The results of an

analysis of the multimode dynamic response of the baseline contrel concept
to guideway random irregularities are given below. A five-degree-of-freedom
mathematical model is used for this analysis. Since the pitch/heave degrees
of freedom are decoupled from roll/sway/yaw, pitch coupling effects are

examined separately from roll/sway/yaw effects.
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a, Effects of Pitch Coupling. Figure 4-45 shows vertical

acceleration PSDs at the corners of the passenger compartment in response to
guideway vertical random irregularities., The acceleration response is seen
to be well below the ride quality specification, and the ride quality at the

front and rear of the passenger compartment does not differ significantly.

The gain constants selected for the baseline configuration (see
Section &4.3.2B) result in a damping ratio of about 0.6 in the pitch/heave

mode. As was shown in Paragraph 4.3.2D(l)a., heave mode ride quality is

10-3
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relatively insensitive to damping over a range of damping ratios from about
0.6 to 1.0 (see Figure 4-29). Also, Figures 4-30 and 4-33 show that for the
baseline concept (with relative damping), the RMS stroke and contrel current
ratio are not sensitive to damping over the same range of damping ratios,
Comparison of Figure 4-45 with the heave mode acceleration PSD for a damping
ratio of 0.6 in Figure 4-29 indicates tha£ pitch coupling effects are not
significant for the baseline concept. This is probably attributable to the
fact that, for this concept, pitch and heave are only weakly coupled, and the
selection of gain constants results in a pitch frequency which is very

nearly equal to the heave frequency.

Figure 4-46 shows the control current ratio PSD for response to guideway
vertical random irregularities. Curves are shown for the front and rear
control coils and for the total control current. These curves indicate the
spectral composition of the 12R power loss in the control coils. Mean square
control current ratios, indicated on Figure 4-46, are proportional to the
average 12R power loss in the control coils. The average I2R loss is

approximately 16 kW for the pitch/heave mode.

b, Roll/Sway/Yaw Effects. Cuideway lateral random irregular-

ities excite vehicle dynamic response in the coupled roll/sway/yaw modes,
which involve both lateral and vertical vehicle motions. The power spectral
density of guideway lateral roughness has been assumed to be the same as that
for vertical roughness, as given in Paragraph 4.3.2D(1). This spectral
density relation is probably conserﬁative for lateral roughness and somewhat
lower values could probably be used, at least for longer wavelength roughness

components. This will be discussed further below,

Figure 4-47 presents the vertical acceleration PSD at the corners of the
passenger compartment for vehicle response to guideway lateral random irregu-
larities. This acceleration response is seen to be well below the ride
quality specification, and is essentially the same at all four corners of
the passenger compartment. The response to guideway lateral roughness com-
bines statistically with the response to vertical roughness. The resultant
statistically-combined acceleration response is estimated as the sum of the

acceleration PSDs shown in Figures 4-45 and 4-47 and should be a conservative
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value. It is seen that this sum does not exceed the ride quality

specification,

Figure 4-48 shows the lateral acceleration PSDs at the corners of the
passenger compartment for vehicle response to guideway lateral random irregu-

larities. The curves designated by the sdlid lines show the vehicle response
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to the guideway lateral roughness PSD given above, It is seen that the
vehicle lateral acceleration response corresponding to this guideway rough-
ness exceeds the lateral ride quality Specification.' However, as indicated
previously, the power spectral density relation which was utilized to repre-
sent guideway lateral roughness is the same as the vertical roughness PSD

and should be conservative, at least for longer wavelength roughness

components.
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It seems reasonable to assume that a long wavelength rolloff exists in
the vertical roughness PSD, Figure 4-49 shows the assumed roughness power
spectral density relation together with two different suggested® long wave-
length (low frequency) rolloff characteristics. The lateral acceleration
response corresponding to these two ﬁodified guideway roughness characteris-
tics is indicated by the dashed and dotted curves in Figure 4-48. The dashed
curve in Figure 4-48 correspdnds to a roughness PSD rolloff at 1.5 x 10-2 ft2/
(rad/ft) and the dotted curve corresponds to a rolloff at 1,0 x 10-2 ft2/
(rad/ft). It is seen that the lateral acceleration PSDs corresponding to the
modified guideway roughness characteristics do not exceed the ride quality
specification near the response peak in the vicinity of 0.6 Hz. However, the
roughness rolloff does not reduce the acceleration response at frequencies
above 5 Hz, and so the ride quality specification is still exceeded slightly

in the frequency range between 5 and 15 Hz.

A modification of the control system gain constants can be used to alter
the acceleration response so that the ride quality specification is not
exceeded. Figure 4-50 shows the acceleration response for the modified set
of gain constants. The values of these gain constants are given in Table 4-15,
along with the wvalues for the original set of constants corresponding to
Figure 4-48. The essential difference between the two sets is that the values
corresponding to original results (Figure 4-48) incorporate lateral accelera-
tion feedback (Kﬁ) and no lateral position feedback (Kh'). Reversing the use
of these two gain constants improves the ability to meet the lateral ride
quality specification. (The definition of the symbols designating the gain
constants is giben in Section 4.3.2B, where the selection of gain constants

is discussed.)

The curves designated by the solid lines in Figure 4-50 give the vehicle
response to the lateral roughness PSD with no rolloff. For this case ﬁhe
lateral acceleration PSD does not exceed the ride qualicty Specificationlat
frequencies above about 1.1 Hz, but the peak acceleration response below 1 Hz

is somewhat higher than the corresponding peak in Figure 4-48., However,

*Nathan Sussman, Mitre Corp., Personal Communication
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Figure 4-51 shows the control current ratio PSDs for response to guide-

frequency range,

way lateral random irregularities,

DENSITY RELATIONS

the lateral acceleration PSD corresponding tc a roughness rolloff at 1.0 x

10"2 ftz/(rad/ft) is below the ride quality specification over the entire

vehicle response shown in Figure 4-48. The mean square control current

ratios, indicated on Figure 4-51, are proportional to the average 2R power
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TABLE 4-15. GAIN CONSTANTS

GAIN VALUES FOR VALUES FOR

PARAMETER FIG. 448 FiG. 4-50
Ky 0.02 0
K , 0.32 0.275
Ky 0 71
Kzl Y 0
Ki‘ 0.15 0.15
Kh | -2.155 -2.165
KZ‘ 1 1
Kg' 1 1
Ky: 0.52 0.05
Kg 1.25 1
K 35 3.25
Kl.'n‘ 0.32 0.275
Kﬁ. 0.15 0.15

NOTE: ALL TIME CONSTANTS (7's) = 0.637

loss in the coils. The average total IR loss in the front control coils is

about 10 kW, and Ehat for the rear coils is about 5 kW,

E. Response to Non=periodic and Non-random Excitation. Thig section

presents the results of an analysis of the dynamic response of the vehicle to

the follow1ng types of non-perlodlc and non-random excitation:

o Grade Transitions

o Steps and Gaps

¢ Horizontal Curves

o Crosswinds

(1) Grade Transitions. Results of an analysis of vehicle dynamic

response during negotiation of a grade transition are presented here, The
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nonlinear, single degree of freedom (1 DOF) dynamic model has been utilized
for this analysis. Nonlinear effects have been found to be quite significant,
and predictions based on a linearized model differ considerably from the

results given by the nonlinear model.

As indicated in Paragraph 4.3.2.B(5), nonlinear feedback reduction is

necessary in order to maintain acceptable values of stroke during upward
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vehicle excursions from the nominal position. It has been found that a value
of the feedback reduction parameter Kh2 = -2.5 results in a stroke of about
4 cm for a 1 km grade transition, and this value is the basis for the analyti-

cal results presented herein.

Figure 4-52 shows the maximum stroke (vehicle excursion from its nominal
position relative to the guideway) as a function of transition length to a
2% grade. Results are shown both for transition to an upgrade (increasing
slope) and transition to a downgrade (decreasing slope). It is seen that
higher strokes are experienced during negotiation of a transition to a down-
grade (which corresponds to an upward vehicle excursion). This results from
nonlinearities in'the magnhetic force law, which is not symmetrical about the

nominal (or equilibrium) position of the vehicle relative to the guideway.

The maximum gtroke is shown in Figure 4-52 as a function of transition
length for the case of a vehicle with and without a gap sensor, It is seen
that without a gap sensor, much longer transition lengths are required to
maintain a specified value of allowable stroke., This results from the neces-
sity of utilizing high damping ratios in a system without a gap sensor in
order to meet ridé quality requirements, as is demonstrated in Section 4.3.2D.
For a system with a gap sensor, the maximum stroke is less than 4 cm for

transition lengths greater than 1 km,

Figure 4-53 is a similar plot, showing the maximum value of @ (ratio of
contrel coil current to levitation coil current) as a function of transition
length to a 2% grade. Again eliminating the gap sensor results in the need
for much longer transition lengths to maintain the control coil current below
a specified value; or, for a given transition length, a system with a gap

sensor will require less control current (and power).

Figure 4-54 shows the effect of relative damping on maximum stroke in a
downgrade transitign. With a gap sensor, relative damping has a negligible
effect on maximum stroke (for the range of transition lengths where the maxi-
mum stroke is not excessive). Without a gap sensor, large increases in rela-
tive damping produce only modest reductions in the transition lengths required
to maintain a specified value of maximum stroke, This is clarified.by

Figures 4-55A and 4-55B which indicate that relative damping reduces stroke
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FIGURE 4-54, MAXIMUM STROKE VERSUS TRANSITION LENGTH TO
2% DOWNGRADE

overshoot above the steady state value, but does not affect the steady state
value. For a system with a gap sensor (absolute dampihg ratio =~ 1), the
stroke overshoot is negligible, while without a gap sensor (absolute damping

ratio ~ 4), there is only a modest stroke overshoot.

Figure 4-54 also shows that without a gap sensor, significant reductions
in required transition length can be achieved by increasing the absolute
damper corner frequency (fA) from 0.25 to 0.6 Hz. Nevertheless, a transition
length of about 4 km is required to limit the maximum stroke to the design
goal of 5 cm. (Increasing the corner frequency beyond 0.6 Hz results in

undesirable degradation of ride quality characteristics.)

Figure 4-56 shows the maximum vehicle acceleration as a function of
transition length. It is seen that the vehicle acceleration is somewhat

greater than the grade acceleration, but for transition lengths greater than
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about 1 km, the maximum acceleration is significantly less than the allowable

acceleration limit of 0,1 g.

Figures 4-57 and 4-58 demonstrate the effect of utilizing acceleration
feedback instead df positive position feedback. Figure 4-57 shows that the
maximum stroke in‘a grade transition is significantly higher with acceleration
feedback than witﬁ position feedback. TFor example, with acceleration feedback
a transition length in excess of 6.5 km is required to Ilimit the maximum
stroke to 5 cm fof a transition to a 2% grade. Figure 4-58 shows that with
acceleration feedBack the maximum value of the control current ratio o is

significantly greéter than with position feedback.

(2) Steﬁs and Gaps. The transient response of the vehicle to a step
discontinuity in %he guideway has been analyzed using both linear and non-
linear one DOF dynamic models., The vehicle response has been analyzed both
with and without the ncnlinear feedback reduction described previously.
Figure 4-59 shows the vehicle response to a step with an amplitude of 1 cm.
The results of both linear and nonlinear analyses are presented for a system
without feedback reduction. The nonlinear analysis shows that the vehicle
response to an upward step is different from the response to a downward steb.
(The sign of the response curve for a down step is reversed to facilitate
comparison.) The transient overshoot is greater in the case of an up step.
This reﬁults from the fact that the nonlinearity in the magnet force law is
not symmetrical about the nominal (equilibrium) position of the vehicle rela-
tive to .the guideway. It is seen that the maximum overshoot is about 0.3 cm
and the motion relative to the guideway and is damped out in about 3 or

4 seconds.

Figure 4-060 ghows the vehicle response to a 2 cm step. Results are pre-
sented for both linear and nonlinear analyses. Results of the nonlinear
analysis are shown both with nonlinear feedback reduction (Khz = -2.5), and
without (Khz = 1), The nonlinear analysis shows that without feedback reduc-
tion the vehicle does not follow a downward step. This results from the
unstable magneticlforce-displacement relation created by linear positive posi-
tion feedback, asldescribed in Paragraph 4.3.2.B(5). This situation is reme-

died by employing'nonlinear feedback reduction. The results in the figure
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show that the vehicle follows a 2 cm step discontinuity in the guideway if
nonlinear feedback reduction is used. The maximum overshoot is about 0.7 cm

and the motion is damped out in about 3 seconds,

The results Bf an analysis of dynamic response to periodic gaps in the
guideway are presented in Section 4.3.2D. Figure 4-43 in that section also
shows the vehicle response to a single, isolated gap in the guideway. It is
seen that the méximum vehicle excursion in response to a single gap is about

0.4 cm and the motion damps out in about 1 second.

a, Horizontal Curves - Self Banking Capability. A study has

been performed toiinvestigate the feasibilfty of achieving a self banking
capability by appropriately designing the guideway and/or vehicle magnet
coils. The basic idea is as follows: the hat-shape guideway-produces a small
self-banking moment in a horizontal curve as a result of cross-coupling effects
between l1ift forces and vehicle lateral motion. Although this moment is not
large enough to achieve the equilibrium bank angle for a coordinated turn,

the purpose was to determine whether modifications to the guideway configura-
tion and/ox vehicle coil geometry could result in increased cross-coupling
effects sufficient to achieve the required bank angle. Specifically, canting
(rotation) of the L-shaped guideway elements and/or canting of the vehicle
magnetic coils has been analyzed to determine whether cross-coupling effects

can be increased sufficiently to provide a self-banking capability.

The study indicated that the vehicle magnetic coils must be canted 30°
or more relative to the horizontal in order to achieve non-negative bank
angles. Furthermore, it is found that the maximum bank angle is achieved
when thg guideway element cant angle is also about 30°, However, the maximum
self banking anglé attainable is only about 1/3 of the required equilibrium
bank angle for a coordinated turn. This limited self-banking capability is
not adequate and ﬁoes not justify the complexity and cost of canted guideway

elements and canted magnetic coils.

b. 'Coordinated Horizontal Turns. The horizontal turn transi-

tion problem and the associated lateral dynamics are somewhat analogous to
the grade transition and heave dynamics. However, the horizontal turn problem

is more complicated because of the sway/roll coupling, which requires the use
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of 2 DOF dynamic modeling. A linearly increasing bank angle provides a coor-
dinated turn transition with a constant rate of change of acceleration

("jerk"). This results in a cubic turn transition of the .form: @g ==t

0ol

and yg = % t3 where a is the guideway lateral jerk and t is time. The guide-
way cross section geometry used in the 2 DOF sway/roll model is illustrated
in the following sketch.

—Y

GUIDEWAY TURN GEOMETRY

After exiting from the transition, the vehicle enters the constant bank

angle coordinated turn which has a constant lateral guideway acceleration.

In order to analyze the curve transition problem, a pseudo 3 DOF digital
simulation has been written. The 2 DOF sway/roll model was augmented with a
pseudo-steady state acceleration heave model in order to simulate the effect
of heave depression (that is, the vehicle settling clqser to the guideway
in the turn). The steady state heave equation is:

-m + 4szz(KéTz + K§>.

Z-7_ = Y ¢
+
g aZZ 4bZKZI§n g8

The symbols are defined in Appendix B.

Adding roll to the guideway motion via the ey and e¢ terms (see
Section 4,3.2C) modified the equations of motion sufficiently to require a

revised set of control gains in order to obtain satisfactory dynamic behavior.
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Satisfactory performance was obtained by reducing Ky and Khu from 0.35 to
0.0l s/m and reducing K, from 0.15 to 0.075 s/m. Figure 4-61 shows the
vertical and lateral strokes for this set of gains for the case of a 10° bank
angle turn at the maximum jerk of 0,03 g/s. The transition length is

0.7876 km and the transition time is 5.88 seconds. The vehicle is making a
right-hand turn and the strokes are computed at the right-hand (inside) cor-
ner. The vertical anﬁ lateral strokes are positive if the gaps are being

reduced.

As the vehicle does into the transition, it rides down in the guideway
(negative lateral stroke) and the right side or "'inside" of the vehicle tends
to stabiiize out with about a 1.0 ecm lateral gap increase (i.e., the vehicle
moves to the right or inside with respect to the guideway). The left-hand
side of the vehicle has a corresponding decrease in lateral gap. Also, there
is about a 4.0 cm vertical gap increase on the right side beéause the vehicle
roll angle lags the guideway roll. After the end of the transiticn (and the
vehicle is in the constant bank angle turn), the lateral gap stabilizes out
rapidly (Figure 4-61), but the vertical gap on the right side has been
decreased by a maximum of about 6 cm. The steady state vertical gap on the

right side in the turn is about 5 cm less due to the heave depression.

It has been found that somewhat better response can be obtained by
replacing the position feedback in the heave mode with acceleration feedback
(%,
heave damping ratio to 0.25 with a Ké = 0.35 s/m. All of the other gains are

0.1517 sz/m)‘to lower the heave frequency to 0.6 Hz, and reduce the

]

unchanged. Figure 4-62 shows the vertical and lateral strokes for this set

of gains and the same 10° bank angle turn at the maximum jerk of 0.03 g/s.

As the vehicle goes into the transition, it rides up into the guideway (posi-
tive lateral stroke) and the right-hand side tends to reach a steady state
lateral stroke of about 0.6 cm and a maximum'lateral stroke (reduced lateral
gap) of about 1.0 cm. In addition, the vertical stroke shows an initial gap
increase as the roll of the vehicle lags the roll of the guideway, but within
about 2 seconds the vehicle motion is dominated by heave depression. The maxi-
mum vertical stroke (reduced vertical gap) is about 5.1 cm following the end

of the transition, and the steady state stroke is about 4,5 em in the turn.

The lateral stroke is zero in the steady state turn.
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The above results are preliminary in that magnetic force nonlinearities
have not been treated and extensive gain parameter studies have not been per-
formed to optimizé the selection of gain constants, including consideration
of the effects of gain constant modification on ride quality and dynamic
behavior in a transition. Although these complete, detailed analyses remain
to be performed, the results presented above indicate that horizontal turn
transitions can be negotiated with appropriate selection of control system

gain constants.

c¢. Crosswinds. The response of the vehicle to crosswinds has
been investigated ﬁsing the 2 DOF sway/roll model. Of prime concern is the
transient overshoot which may occur in the coupled sway/roll modes, since
the mode coupling limits the amount of damping which can be achieved.
Figure 4-63 shows the transient sway/roll response to a suddenly-applied
20.1 m/sec (45 mph) cresswind. The peak vertical displacement is 4.7 cm
(1.85 in,) for an overshoot of 12% relative to the steady state value of
4.2 cm (1.71 in.). The peak lateral displacement is 2.6 cm (1.02 in.) for

an overshoot of 18% relative to the steady state value of 2.2 cm (0.87 in.).

Since the yaw response can be damped independently of the sway/roll
modes, sufficient damping can be put into the system to prevent significant
yaw overshoot for crosswinds, and a steady state analysis can be used to
determine the yaw response. The steady state yaw response, with no position

feedback is

U = M¢/a¢¢

where M, is the aerodynamic yawing moment, 320 kN-m (237,000 £t-1b), and

U
3y, the yaw spring constant, 9.04979 x 10% kN-m (6.7025 x 107 ft-1b). The

resulting steady state yaw angle is 0.2 degree, corresponding to a lateral
stroke at the forward corner of 5.7 cm. The total combined (roll/sway and

yaw) steady state lateral stroke is 7.9 cm.

F. Dynamical Aspects of LSM and LIM Propulsion. In accordance with the

original program requirements for the scope of propulsion-related studies,

consideration was given to the “:;ifluence of certain types of propulsion
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systems on vehicle dynamic behavior. The linear synchronous motor (LSM), for
example, is claimed to be capable of providing damping, i.e., ride control,
of all vehicle dynamic modes thereby obviating the need for an onboard con-
trol system power supply. Further advantages with regard to headway control
are also claimed if all ride control functions - in addition to propulsion -
are provided from the (active) guideway of the LSM. The Raytheon Company was
contracted by Philco~Ford to study the problem of LSM ride control; the
results of theiristudy are presented in Appendix F, Essentially Raytheon
performed an anaiysis of the forces and moments on an elemental LSM unit,
presenting the results as a function of various vehicle displacements. In
addition, the force and moment characteristics of the elemental LSM unit have
been evaluated for vehicle control capability by identifying and analyzing a
hybrid vehicle/guideway configuration which could provide dynamic forces and
moments of sufficient magnitude and phase to accomplish damping of the
vehicle sway/yaw degree-of-freedom, with the levitation magnets providing
damping in all other dynamic modes. This hybrid configuration constitutes a
compromise relatiQe to the degree of vehicle/guideway complexity required

to provide damping in all dynamic modes. The timing of this work and the
limitations on Task I were such that no in-depth analysis could be undertaken
to determine if the DOT ride quality Specificatibn can actually be achieved.
Cursory examinatibn, however, indicates that the LSM approach is feasible,
but substantially more analysis is required to prove acceptable performance
in all ﬁodes and for turns and grade transitions as well as straight and
lavel oﬁeration. One distufbing aspect, however, is the increase in complex-
ity of ﬁhe guideway, e.g., due to the requirement for additional active
surfaces (other than propulsion}) to provide the necessary forces. As indi-
cated in Sections 4.4.4 and 5, this increases guideway cost and could be
counter-productive. Alsc, since onboard power supplies on the order of
100-200 kW are needed for lighting, air conditioning, communications, brake/
wheel activation, etc. (compared with 25-50 kW* for ride control), there seems
to be very little energy benefit in putting the control system power supply
on the wayside. At this point, therefore, it is recommended that future

research on LSM be directed to it purely as a propulsive device,

*Straight and level conditions, up to 150 kW for short-time (~ 7 sec) |l km
upgrades . .
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The linear induction motor (LIM) was also originally viewed solely for
its relationship to vehicle dynamiecs. A LIM is a large, heavy, narrow gap
device (~ 10 to 20 mm) with substantial performance penalties for significant
gap variations during operation. The motor gap must be tightly controlled,
and if the motor is suspended from the vehiecle, the reactive forces from this
(secondary) suspension system must not degrade vehicle ride quality and
stroke. The double-sided LIM has some freedom in the vertical direction and
Garrett recommends that it be rigidly attached to the vehicle in this direc-
tion. However, an active control system will be required for centering the
motor relative to the aluminum reaction rail., The single-sided motor (SLIM)
used in the propulsion studies of Section 4.4.3 has some freedom with regard
to lateral strcke, but the vertical gap must be tigﬁtly controlled; with the
added complexity of a downward attraction force (due to the iron in the
reaction rail) varying with gap dimensions and vehicle speed. In either case,
detailed analyses are required to firmly establish the feasibility of suspend-
ing the motor from the vehicle without adversely affecting vehicle ride
quality and stroke. A brief examination of the problem, however, suggests
operating it in a "tug" mode with its own suspension system, as is the case
with the Grumman Air Cushion TLRV. In this way, the motor is effectively

uncoupled from the vehicle, resulting in a somewhat lighter system.
G, Conclusions

(1) Straight and Level Operation. The following conclusions per-

tain to straight and level operation of a 445 kN (100,000 1lb) Repulsion

MAGLEV vehicle® at 134 m/s (300 mph) over the baseline guideway with a

6 6

nominal statistical roughness coefficient, A, of 1.5 x 10 " m (5 x 10° fr).

a, Ride Quality. The DOT vertical and lateral ride quality

specifications are achievable for the baseline active control system employ-
ing position feedback in conjunction with absolute (inertial) velocity feed-
back. Alternate systems using acceleration feedback in place of position
feedback or only heavy absolute damping also meet the ride quality specifica-
tions and do not require gap sensors. For the baseline control system, the

following detailed conclusions are drawm:

*With appropriate scaling criteria, the results are applicable to the
finalized, 366.5 KN (82,400 1lb) baseline, 80-seat Revenue TMLV,
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e Vertical mcceleration response to guideway random irregularities
is well below the specified limits.

© Lateral acceleration response to guideway random irregularities
is below the specified limits, provided the guideway lateral
roughness PSD has a long wavelength (low frequency) rolloff at
1.0 x 1072 £t2/(rad/ft).

e Elimination of relative damping improves ride quality but
requires increased control power,

b. Gap Response. Vehicle dynamic response to gaps in the

aluminum guideway. elements is acceptable. The vehicle maximum excursion is
less than 0.5 cm for a single gap. For periodic gaps spaced 15 m (50 ft)

apart, the cruise height above the guideway is reduced by less than 1.5 cm.

c.  Elevated Guideway. The dynamic behavior of a properly

designed elevated guideway will not result in unsatisfactory ride quality.

d,j Power Consumption. The heavy damping control scheme con-

sumes more power than either the baseline scheme or the acceleration feedback

scheme, but the difference is small compared with the overall power require-

ments of the wvehicle.

(2) Grade Transitions. The following conclusions pertain tc opera-

tion of a 445 kN Repulsion MAGLEV vehicle at 134 m/s over a transition section
connecting the straight and level guideway to a guideway at a 2% grade. The
baseline hat-shapgd guideway is employved, with a nominal statistical roughness

coefficient, A, of 1.5 % 10-6m (5 x 10-6 ft).

a. Stroke. All of the control system concepts studied
permit negotiation of both up- and down-grade transitions for a design goal
maximum stroke of 5 em. The béseline position feedback system consumes the
least control power, but the difference in power consumption compared with the
alternate control §chemes is probably not significant when compared with the
overall vehicle power consumption. However, the required transition lengths
differ substantially, as follows:
o The baseline position feedback system requires a transitiom
length of ~ 1 km. Nonlinear position feedback reduction is pro-
vided to avoid possible unstable dynamic behavior on transition

to a down-grade. Relative damping has negligible effect on maxi-
mum stroke, except for very short transitiomns, i.e.,, << 1 km,
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@ The alternate highly damped system (without gap sensors) requires
a transition length of ~ 4 km with an absolute damper filter fre-
quency of 0.6 Hz.

® The alternate acceleration feedback system (also without gap
sensors) requires a transition length of ™~ 6.5 km.

¢ Improved vehicle dynamic behavior in a grade transition is
possible for a system either with or without a gap sensor, if the
amount of absolute damping is reduced during passage through the
transition. The necessary signals can be obtained by wayside
communication or by increasing the capacity of the onboard com-
puter and employing it (in conjunction with the existing accelerom-
eters) as a simplified inertial navigator. This permits sub-
traction of the component of the absolute rate signal due to
the vertical curvature of the guideway, thus eliminating the
damping forces which increase vehicle stroke relative to the

guideway. Substantial reduction in transition length should be
possible, particularly for the alternate concepts without gap
sensors.

b. Ride Quality. Ride quality during passage over a grade

transition is not as good as that on a level guideway. To meet the DOT ride
quality specifications based on power spectral density criteria¥*, the follow-

ing conclusions are drawn:

© The baseline position feedback system, without relative damping,
requires a transition length ~ 4 km. (For operation over the
stroke-limited transition length of ~ 1 km, the ride quality
specification limit would be exceeded for approximately
7.5 seconds.)

© The alternate highly damped system (without gap sensors)
requires a transition length ~ 5 km.

© The alternate acceleration feedback system was not analyzed for
ride quality during grade transition. However, it is our judge-
ment that it would be slightly better (shorter transition length)
than the baseline position feedback system.

(3) Horizontal Curves (Turns). Detailed analyses have not been

performed to ascertain vehicle dynamic motion in horizontal turns. Prelim-
inary, linear multi-DOF analyses, however, indicate that turns can be

negotiated, with the following observations.

. *1t appears that the PSD criteria on ride quality are inappropriate for short-
time, infrequent events such as grade and turn transitions. If the DOT
criteria on maximum sustained acceleration and rate of change of acceleration
(jerk) are used, then all control schemes considered will show acceptable
ride quality for transition lengths << I km.
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® The baseline position feedback system can achieve acceptable
dynamic behavior, subject to appropriate gain constant modifica-
tion and damping reduction. However, more detailed studies are
necessary to establish the concomitant effect of gain constant
‘modification on ride quality and stroke in a grade transition.

@ The alternate acceleration feedback system shows somewhat better
performance in a turn than the baseline system. The alternate
highly damped system was not analyzed for horizontal turn
negotiation.

¢ Vehicle dynamic behavior (primarily stroke) in a horizontal
turn can be improved, if desired, by reducing the amount of
absolute damping provided during transit through the turn — as
previously described for negotiating a grade transition.

(4) Crosswinds. Preliminary multi-DOF dynamic analysis of vehicle
response to a 20 m/s (45 mph) crosswind shows a maximum side sway (lateral
motion of the c.g.) of about 8 cm. Rolling motion also takes place and
effectively reduces maximum lateral stroke to 2.6 cm. Maximum vertical stroke

{due solely to roll) is ~ 5 cm. No serious problems are foreseen in with-

standing crosswinds of 20 m/s.

H. Recommendations. A significant accomplishment of the Task I TMLV

program effort in the area of vehicle dynamics is the development of multi-DOF
computational techniques and associated computer programs for precise evalua-
tion of MAGLEV vehicle dynamic response to a variety of input parameters and
for various control system concepts/strategies®. This now permits rapid
analysis of problems not studied in depth here (or not studied at all) because
of scope/time limitations. Recommended analyses are as follows:

© Conduct multi-DOF analyses of wvehicle transient and steady-state

" dynamic response to guideway gaps, grade transitions, horizontal

curves, wind gusts and elevated guideway deformations. WNonlinear
magnet force effects should be incorporated.

o Perform extensive, in-depth parametric investigations of control
gain constant selection to optimize vehicle ride quality and
dynamic response characteristics in horizontal curves.

*This program is documented in Aﬁpendix G, Volume III of this report.
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© Perform in-depth analyses of alternate contrel concepts, e.g.,
acceleration feedback and/or revised signal mixing and filter-
ing schemes, to improve ride quality and dynamic response in
curves and grade transitions.

¢ Conduct multi-DOF analyses of vehicle dynamic behavior at speeds

above and below 134.,1 m/s and include response to wind gusts,
guideway gaps, grade transitions and horizontal turns.

4,3.3 Control Magnets

Active control with control magnets is chosen over a secondary suspension
for a number of reasons; it allows more freedom in meeting the ride quality
requirements, it can be used on a rougher guideway, it is simpler and likely
to be less costly, and it only requires a modest amount of control power under
normal conditions. Previous work has shown that separate control coils are a
necessity to allow persistent-mode operation of the levitation coils, and teo
keep the power requirements within reason. The control ccils can be cryogen-
ically cooled, or be at ambient temperature; ambilent coilils have been chosen
for the conceptual design to simplify the driver interface and other aspects
of the c¢o0il design. These magnets are most effective when mounted as close to
the track as practical and coaxial with the levitation magnets. On the other
hand, it is even more important to maximize the vehicle clearance above the
track. Accordingly, the control magnets are located on the bottom of the
dewar, coaxial with the levitation magnets. A control coil envelope of approx-

imately 5 em high by 18 cm wide is provided, as shown in Figures 4-16 and 4-18.

Eight control coils are specified to provide redundancy, each coll pro-
viding one-half of the total control force needed at the four levitation
module locations. The windings of these coils will utilize aluminum tape
interleaved with mylar or some other suitable tape insulation tc minimize
weight and meximize heat transfer from the core of the coil. Heat generated
in the coils will be dissipated by conduction through the insulating overwrap
to the outside container of the magnet module, and by radiation and convection
to the vehicle skin on the bottom of the module and hence to the amblent air.
Provisions are also included in the conceptual design to circulate cocling
air over the underside of the control coils for direct convective cooling, 1if

required.
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Flectrically, each magnet must supply 3% of the levitation magnet ampere
turns to meet ri&e guality requirements when gap sensors are utilized in the
control loops, and 4.5% when they are not. The operating levels requiredlare
then 10,500 ampere turns and 15,800 ampere turns RMS, respectively. The param-

eters of the baseline magnets for these two cases are listed in Table 4-16.

TABLE 4-16. CONTROL COIL PARAMETERS {PER COIL)(U

AMPERE TURN RATIO

a=90.03 a=0.045

o MATERIAL ALUMINUM ALUMINUM
o TURN SIZE (CM) 5 X 0.0233 5 X 0.0233
o OVERALL CROSS SECTION (CM) 5 X 18.4 5 X 18.4
o LENGTH (BETWEEN CENTERLINES)CM) 150 150
o WIDTH (BETWEEN CENTERLINES)(CM) 50 50
o TURNS } 750 750
© RESISTANCE iAT 120°C} (©) 10 ‘ 10
© INDUCTANCE (H) 1.6 1.6
© CURRENT DENSITY, RMS (A/mm?2) 1.2 18
® CURRENT PEAK (A) 20 30

RMS 14 21
e REAL POWER; PEAK(Z) (kw) 4 9

RMS 2 45

{1y ALUES FOR STRAIGHT AND LEVEL OPERATION.

(2)THE MECHANICAL POWER DELIVERED BY EACH COIL IS <100 WATTS AND IS
MUCH LESS THAN THE POWER REQUIRED TO SUPPLY THE COIL 12R LOSSES.

Negotiation of grade transitions requires more net control force than
for level conditions. A value of 7% of the levitation magnet ampere turns or
24,600 ampere tufns is specified for the baseline condition with gap sensors.
This wvalue is predicated upon a transition distance of 4 km* while still main-
taining ride quality (i.e , higher values would provide shorter trade transi-

tions, but ride quality requirements cannot be met). When gap sensors are

not used, a control current ratio of about 10% to 11% is required to maintain

*4 km is based on the minimum transition length for the conditions shown in
Figure 4-39.
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ride gquality over transition distances of ~ 10 km. The grade transition con-
trol force requirement is a transient peak-loading effect with a low duty
cycle. The extra thermal load imposed on the control coil due to grade tran-
sitions is a short-term condition and can be 'heat-sinked" into the control
coil and dissipated normally after the grade is negotiated. The impact of
the added power for grade transitions will fall on the control coil drivers

which must be sized to provide the higher peak values.

4.3.4 Control Electronics

The suspension subsystem control electronics is diagrammed in Figure 4-64.

The following paragraphs discuss the major elements of this subsystem,

A. Ride Control Sensors. The basic ride control sensors consist of

eight accelerometers, a sensor for longitudinal veloeity, one for longitudinal
acceleration, and a set of eight gap sensors. Gap sensors are used on the
baseline system, but a system has been examined which does not use gap mea-

surements. Some of these sensors are duplicated for reliability purposes,

The accelerometers are used to measure the vertical and horizontal
accelerations at each of the four levitation module locations. These data
provide the necessary inputs to compute ride control signals for active damp-

ing. The accelercmeter performance requirements are:

e Range +0.5 g
e Resolution i-leO'4 g
o Accuracy (All Effects RSS'd) > +2% of Full-scale

© Bandwidth (3 db) 25 Hz

v

These requirements can be met using existing commercial devices if provisions
are made to limit the temperature range to about 100°F (30° to 130°F, typi-
cally). Also care must be taken to select units which are not susceptible to

magnetic fields, or else appropriate magnetic shielding must be used.

The gap sensors measure the vertical and horizontal gap between the
vehicle and the track at the eight accelerometer stations. This information
is used with the accelerometer data to compute dynamic ride control commands.
The requirements for this device preclude the use of any known instrument that
currently exists. None of the available devices have all the necessary capa-
bilities (i.e., measure gaps of QO to 25 c¢m with 1% accuracy under all-weather
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conditions), Optical, RF, acoustic, magnetic field, inductive, capacitive
and mechanical methods of implementing the requirement have been investigated.
All of these techniques have problems which either eliminate them or make it

doubtful that the performance requirements can be met under all-weather

conditions.
YO/FROM
OPERATOR ' CHARGING POWER DTO LEVITATION
DISPLAY PRIMARY & CONTROL MAGNETS
& CONTROLS POWER TO CRYOGENIC
3 (APU) CONTROL A
ACCELEROM- - 4 COMPRESSOR
ETERS =] 5|
< 3
o ‘ w POWER TO RIDE CONTROL
w | b
2 > l > ampLiFiERS D MAGNETS
GAP >
{5 CONTROL POWER
SENSORS THROTTLE & _ TO PROPULSION
ELECTRON- 3] CONTROL THRUST DIRECTION  UNIT ACTUATORS
—{5 ICS UNIT ONTRO
TO LANDING &
LONGITUDINAL —> ,_____{Egconmor. SWITCHING
WHEEL ACTUATORS
VELOCITY @ TO WHEEL AND
SENSOR CONTROL _nJAERODYNAMIC
DIGITAL DATA BRAKE
KUP
TO/FROM ES&EH ACTUATORS
COMMUNICATIONS i CONTROL + VEHICLE DOOR
MODEMS* {APU) ¥ ACTUATORS
: RUNNING AND
EQUIPMENT CONTROL ___m,cABIN LIGHT
OPERATING DATA SWITCHING
e VOLTAGE/CURRENT CONTROL CABIN AIR
e TEMPERATURE P CONDITIONING
e FUNCTIONAL PARAMETERS
e BUILT-IN TEST DATA DATA > P AT ION
DISPLAY

*MODULATOR/DEMODULATOR

FIGURE 4-64. RIDE CONTROL SUBSYSTEM

Of the possible techniques, the inductive measurement approach currently
appears to be the best candidate. This approach bases gap measurement on the
variation in inductance of an a.c. excited coil with distance to the guideway.
The approach is an extension of existing technology, currently capable of a
maximum gap measurement of about 5 cm, The major problem anticipated is the
maintenance of accuracy over a sufficiently wide temperature range, The
design problems of this approach can probably be solved but will require con-

siderable engineering development,

The RF approach utilizes either an interferometer to measure the phase
shift of a fixed carrier or the frequency shift of a swept carrier as a func-
tion of gap. Both methods suffer from the problem of large errors due to
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dielectrics, particularly ice, in the gap. It may be possible to devise ways
to compensate for these errors, however. The feasibility of error compensation
will have to be established, followed by engineering development. The total
development costs of this approach are likely to exceed those of the inductive

measurement alternative.

The other alternatives considered are judged less likely to yield work-
ing hardware in all-weather conditions., Overall, the gap sensor is the only
suspension subsystem electronic element which has major unsolved development

problems.

The longitudinal velocity and acceleration sensors provide the requisite
information to control the vehicle forward motion to the desired profile.
The velocity measurement can be made by the simple expedient of measuring the
elapsed time between the guideway joints (provided constant guideway lengths
are used). This method takes advantage of the large transient change in
inductance of a coil during passage over the joints {Section 4.5.1D}. An
alternate approach could be the elapsed time between wayside distance markers.
Obtaining hardware for this measurement is straightforward, using existing
commercial devices.

B. Control Electronics. A digital computer is selected as the basic

control element because of the variety and number of control functions to be
performed. This element is augmented by extensive input/output (I/0) cir-
cuitry to mate it to the other subsystem hardware. The functions performed
by the control electronics are:

(1) Multiplexing, analog to digital conversion, and processing of

accelerometers, gap sensors, and longitudinal velocity sensor
outputs.

(2) Computation of damping control signals for the control magnets
based upon the sensor inputs.

(3) Computation of longitudinal velocity control signals for the
propulsion unit throttle, and thrust direction controls during
normal operations and emergency conditioms.

(4) Automatic sequencing of aerodynamic drag brakes and wheel

deployment, including the computation of braking control sig-
nals during switching, landing, and in-station operations.
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(5) Buffering of en-route vehicle control information from the
- ground complex via the communications subsystem into the
vehicle controls in both the pre-stored program and real-time
control modes of operation.

(6) Automatic monitoring of vehicle subsystem status information,
including key voltage, current and temperature readings, and
subsystem functional parameters. Automatic initiation and
monitoring of equipment built-in test routines.

(7Y Automatic fault isolation based upon data from Item 6. Auto-
matic nétification of the operator and the ground complex of
fault conditions and switching of redundant back-up systems.

(8) Computation of vehicle position as a function of time with

) respect to terminals in the ground complex. Computation of
other operator and passenger display information such as time
to next terminal, time to ultimate destination, etc.

(9) Output of appropriate vehicle status information to the onboard
recorder, to the operator and passenger data displays, and to
the wayside complex via the data communications link.

The' computer characteristics required to meet only the ride-control
requirements are: (1) a 2000-word 12-bits/word memory; (2) a basic
instruction-cycle time of 1 microsecond or less; (3) a hardware signed multi-
plication capability with an execution time of 40 microseconds or less on two
12-bit words; (4) capability to handle double precision calculations; (5) an
instruction set equivalent %o those of current mini-computers; and (6) an
option to add floéting point computation facilities if needed. The basic I/0
electronics needed consist of: (1) a lolor 20 input analog multiplexer and
an analog to digital converter to handle the inertial inputs, and (2) a set of

eight digital to analog converters to provide magnet control signal outputs.

However, the control electronics must also handle the other functions
and interfaces identified in Figure 4-64, in addition to the ride control.
Thus, the overall.capabilities must be increased from the values given above
to the following: . The memory capacity must be increased to 4000-8000 words,
the hardware signed multiply execution time must be reduced to 20 microseconds,

and the I/0 capabilities must be greatly expanded.

It is obvious the control electronics mechanization will require a

sophisticated, high-performance set of hardware. This hardware is, however,

4-142




well within the state-of-the-art and may be accomplished by straightforward
adaptation of existing technology. This requirement will beﬂefit from the
current trend of development in digital microprocessor hardware, Future
large-scale integration (LSI) can be expected to reduce the size and cost of
the basic computer and a good deal of the I/0 circuitry, but care must be
exercised in estimating the cost impact of LSI. Section 6.1.2 contains a

discussion of the estimated costs.

C. Power Control Unit. The Power Control Unit (PCU) mechanizes the

following functions:

o Primary power gwitching to the onboard electronics including
switchover to the back-up power source.

o All requisite power buffering between the low-power outputs of
the Control Electronics/Operator Control Panel and the higher
power inputs to the variocus control actuators except the control
magnet power amplifiers.

© Secondary power conversion for the onboard electronics as
required (i.e., for those subsystem elements without integral

secondary power supplies).

@ Voltage and current'pick-offs for some of the vehicle status
monitoring instrumentation.

The required power contrel circuitry can be implemented with application

of existing relay and solid-state electronic technology,

D,- Control Magnet Power Amplifiers. The control magnet PAs translate

the low-power control signals from the control electronics to the power levels
required by the control magnets, Eight independent amplifiers are required,
driving the eight control magnets in parallel sets of two each. ZEach of

these amplifiers must provide the drive capabilities specified in Section 4.3.3.

The power handling requirements for ride control on level roadways are
relétively modest; 2 kW average and 4 kW peak with gap sensors, and 4.5 kW
avefage and 9 kW peak without. These requirements go up by a factor of about
5.5 when grade transitions are considered; to 11 kW average and 22 kW peak
with gap sensors, and 26 kW gverage and 52 kW peak without. The highest
levels are of short-duration and low duty cycle, but they will still dictate
the design voltage and current levels of the driver electronics. The only
area that can take advantage of the short-term factor will be the thermal
design of the units.
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Power amplifier circuitry operating in the switching mode will be needed
to gain efficiency. The selection of either transistor or silicon controlled
rectifier (SCR) circuitry is subject to a detailed design and cost tradeoff
between the requirements of the control magnet and the PA, considering the vol-
tage and current levels required. The baseline system (with gap sensors)
requires a PA capable of supplying a peak current of 47 amps at a peak voltage
of 470 volts, which tends to favor the SCR approach. 1In either case, design
of the hardware for the specific needs of this application is likely to be

required but such design is well-supported by existing technology.

E. Back-Up Power Supply. The back-up power supply must supply the full

suspension subsystem load for a minimum of 20 to 30 minutes to permit transit
of any vehicle to the next stop with a main power source failure. The con-
trol coil amplifier load is large enough so that the use of batteries for
this load is queétionable from the standpoint of weight. A dedicated APU is
selected for this purpose. A unit such as the Garrett GIP-36 series driving
a suitable generétor is well suited to the need. Automatic start (under con-
trol of the subsystem contrel electronics) will be employed with a switchover
time requirement of < 60 seconds. Batteries will be used to supply the low-

power fault isolation and switching circuitry,

F. Suspension Subsystem State Instrumentation. A set of control system

instrumentation is required to provide key operational parameter data to the
control electronics and the operator. These data are needed for monitoring of
the vehicle status and to mechanize fault detection, isolation and corrective
actions. The hardware involved will include a central signal conditioner and

pick=-oft devices distributed throughout the subsystem elements.

G. Reliability and Failsafe Operation. The feature of providing redun-

dant control coils for each levitation module reduces the problems associated
with the failure‘of a single control coil or its electronics, However, fail-
ure of several control coils or the complete control system must be avoided
since the ride quality and stroke (position) of the vehicle will be adversely
affected. To minimize the possibility of this happening, it is necessary to
provide high reliability in the basic suspension subsystem equipment and to
provide for failsafe operation. Equipment reliability is achieved by: (1)
conservative design of the hardware; (2) a high level of quality control dur-

ing manufacturing, test, and maintenance including use of high reliability,
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screened parts; (3) adequate qualification and acceptance testing including
exposure to expected environmental extremes; and (4) adequate in-service
preventive maintenance. All of these elements should be included in the pro-

curement and use of operational hardware.

Failsafe operation of the suspension control electronics is implemented
by providing dual redundancy, fault isolation, and switching to augment those
portions of the subsystem which do not have inherent redundancy. The equip-
ment needing augmentation are the inertial sensors, the control electronics,
the power control unit and part of the vehicle state instrumentation. The
control coils, their power amplifiers, and the back-up power supply are
inherently redundant, Incorporation of the additional hardware to implement

failsafe operations is recommended.

4.3.5 Weight and Volume of Suspension/Guidance Elements

Table 4-17 summarizes the weight and volume of the three major components
of the suspension and guidance subsystem, A more detailed weight summary of

the magnet module is given in Table 4-10.

All of the major items in the control system electronics have been sum-
marized, including a back-up APU to supply power to the control system in
case of failure of the primary APU. Batteries are also supplied to provide
low-level power in the transition period in case of primary APU failure. The
"miscellaneous'" category comtains more contingency than required for the
electronics alone, and it should be regarded as the contingency for the entire

suspension subsystem.

4.3,6 Magnet Failure

One of thé potential, and more serious, modes of fallure is the loss of
the magnetic field at one of the corners. The likelihood of failure is a
function of the magnet and cryogenic design, i.e., the choice of super-
conducting current density, the stability of the coil in response to changes
in the magnetic field, the loss of refrigerant, and/or loss of vacuum. While
the magnets can be designed with excess copper and superconductor to minimize
the probability of failure, the degree of "excess' is a judgment that must

be determined by experiments during the magnet development program. In
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TABLE 4-17. SUSPENSION SUBSYSTEM VOLUME AND WEIGHT

VOLUME WEIGHT TOTAL
COMPONENT PER UNIT PER UNIT WEIGHT
- m3iN.3) N (LB) KN (LB)
o MAGNET mopuLes'?! () 218  (4910)
LIFT/GUIDANCE MODULES 1.23 (75,200} 4533  (1020)
CONTROL COILS 0.06 (3500) 928 (210)
o CRYOGENICS (1 SET} 115  (2585)
REFRIGERATION(?) 15 (91,500) 7100  (1600)
PIPING, INSULATION, - - 4,400 (1000)
ATTACHMENTS
© CONTROL SYSTEM ELECTRONICS (1 SET) 13.9 (3125}
ACCELEROMETERS (16) 12013 (7.5 1.8 (0.4)
GAP SENSORS (16) 1,400'3) (800) 111, (25)
LONG.VELOCITY SENSOR (2) 400(3) (25) 45 (n
CONTROL ELECTRONICS {1 SET) 0.08  (4800) 334. {75)
POWER CONTROL UNIT (1 SET) 0.17 (10,000} 1,112. (250)
POWER AMPLIFIERS (8) '0.047 (2800) 445, (100)
SIGNAL CONDITIONER (1) 0.013  (1100) 133.  (30)
BATTERIES (2) 0.027 (1700) 356.  (80)
CABLING (1 SET) - - 445.  (100)
BACK-UP APU/FUEL (1) 1.6 (26,000) 1,334 (300)
Misctd) (SUPPORT STRUCT,
ATTACHMENTS, CONTINGENCY) - - 4460. (1000}

(UpETAILED WEIGHT BREAKDOWN IN TABLE 4-10, VALVES USED FOR SHIELDED COIL
(2)1wo COMPRESSORS AND TWO REFRIGERATORS

(3uNiTS ARE CM3 FOR THESE ITEMS

4)cONTAINS CONTINGENCY FOR COMPLETE SUBSYSTEM

addition, the use of monofilament wire to minimize the heat generated by a.c.
losses must be balanced against the stability obtained with multi-filament
twiste& superconducting composites. The possibility of using a braid to
achieve both these goals appears very promising and deserves further

consideration.

Magnet failure can be caused by loss of vacuum and/or loss of refrigera-
tion. Loss of vacuum will cause rapid loss of superconductivity, due to the
sudden large heat inputs. For this reason each of the redundant magnets has

a separate cryostat. Loss of vacuum during normal operation is considered to
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be a2 minimal risk as evidenced by the long and successful experience of indus-
try with vacuum containers. For example, Western Airlines has flown liquid
nitrogen in evacuated cryogenic containers for five years with no vacuum fail-
ures. A protective shroud encloses the magnet to minimize the possibility of
dewar puncture by ferrous objects. Loss of refrigeration through compressor
failure is considered a highef risk because the compressor seals cannct be
lubricated due to the possible contamination of the helium. Experience has
shown that normal replacement of these seals minimizes this failure; but to
guard against this possibility two redundant features are added. First, a
storage container of 16-liter capacity is placed in each cryostat, and finally

a second compressor is placed on the vehicle.

Although magnet failure and loss of lift can still occur (whether by
"'chance' or deliberate action), the idea of redundant magnets in the corners
of the vehicle tends to minimize the serious nature of this failure mode
since the vehicle corner can be supported by the remaining magnet. The
wheels required for low speed operation form a back-up system to prevent
impact with the guideway; furthermore, the dedicated guideway provides con-
finement surfaces on which the vehicle will coast to low speeds on wheels in

the event of complete loss of magnetic field at one of the corners.

The redundant magnet approach was suggested in a previous study in which
an analysis of the failure mode of the vehicle was made, assuming an average
force law over a flat guideway (Ref. 4-22)., Table 4-18 updates this work by
using the correct image calculations for a corner guideway for both the

0.5 x 3 m magnets (before failure) and the 0.5 x 1.5 m magnets (after failure).

The results show the new suspension height (h) and the lateral guidance
distance (h') due to a failure of one of the tWo magnets at position 'l in
Figure 4-65. The normal equilibrium values for these parameters h = h!
= 30 cm, and Fq = 0.36 FLAvg' After failure the remaining opergtional magnet
in the damaged module {position 1) drops 5,5 cm and moves 5,8 cm closer to
the vertical surface in order to increase both the lift and guidance force
that was lost, The adjacent support magnet module (position 2) alsc drpps

slightly (1.3 ¢m) and moves away from the vertical 5.8 cm so that the guidance
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TABLE 4-18. MAGNET EQUILIBRIA POSITIONS AFTER FAILURE OF
ONE OF THE EIGHT LEVITATION/GUIDANCE MAGNETS
(See Figure Below)

LIET FORCE, GUIDANCE FORCE, SUSPENSION LATERAL
FL Fg HEIGHT, DISTANCE,
MAGNET {FRACTION OF {(FRACTION OF h h*
POSITION | NORMAL VALUE} NORMAL F| 5yq) (em) . (cm)
1 0.83 0.23 245 24.2
2 | 117 0.23 28.7 35.8
3 : 0.83 0.36 32.6 305
4 1.17 0.36 28.0 295
Fy
1 1 .
BEFORE < h' I
X o= S——— » Fg
=== B2 f‘
AFTER -~ ¥
MAGNET 2 MAGNET 1
VIEW A-A
— —_— — —— —— — — — — A—— — — — — \
~
2 3 N
— — — '\
TN\ >~
MAGNET N\ A\
FAILURE : n| /
mm\ L/

MAGNET POSITION 1 4

FIGURE 4-65. SCHEMATIC OF MAGNET FAILURE MODE
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force at these positions are now 0.23'FLAvg instead of the normal operating

value of 0.36 F Schematically this is shown in Figure 4-65,

LAV o4

The assumption of a rigid vehicle structure leads to the magnet forces
and positions for magnets 3 and 4 listed in the table. However, an actual
vehicle ™~ 30 m long is expected to have some flexibility and the magnets at
positions 3 and 4 will have force and position values between those listed

in the table and the equilibrium values for normal operation.

The maximum dynamic excursion (minimum position) can also be obtained,
assuming the failure of one magnet at position 1 to be catastrophic, i.e.,
instantaneous, These values for position 1 are h = 20.9 em and h' = 20.2 cm.
Should magnet failure occur over a finite time, i.e., several seconds, the
equilibrium values listed in Table 4-18 will be reached with no overshoot.
Other factors that will influence the new equilibrium position and the tran-
sient behavior are aerodynamics, propulsion, and the feedback control system
for the control coils. A magnet field probe can Ee used to detect magnet
failure, and the characteristics of the control system can be changed in

order to minimize the effect of the loss.
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4,4 PROPULSION SUBSYSTEM

This section presents the results of preliminary propulsion system analyses
conducted in support of the TMLV Revenue Vehicle (MAGLEV) conceptual design.
Specific attention is given to the Ducted Fan, the Linear Induction Motor (LIM),

the Linear Synchronous Motor (LSM) and the Superconducting Paddle Wheel concepts.

4.4,1 Introductibn

The TMLV Technology Program is structured to consider propulsion primarily
in relation to its direct effect upon vehicle dynamic motion, e.g., as would
occur with an integrated propulsion/levitation concept. The LSM analyses
reported in Sectipn 4.3 are in this category. Detailed analyses of the propul-
sion aspects'of the aforementioned concepts thus are not within the original
scope of this program. Nevertheless, low-level preliminary analyses were
conducted to: (1) support vehicle synthesis/packaging studies, (2) make
preliminary compatibility assessments, and (3) assess energy implications and
the possible inflﬁence on cost effectivity of other MAGLEV system design

parameters.
4.4.2 Ducted Fan

Prior to initiation of the TMLV Technology Program, in-house MAGLEV system
studies at Philco-Ford indicated that a reaction propulsion system, using a
ducted fan, has merit provided noise and exhaust emissions can be reduced to
acceptable values! Subsequently, a contract® was issued to the Hamilton
Standard Division of UAC for preliminary design studies of a propulsion system
based on their Q-fan concept, with power supplied by gas turbine engines. The

results of this study are summarized in the following paragraphs.

A. Design Abproach. The vehicle self-generated noise has been estimated

as a function of speed and compared with other vehicles as shown previously in
Section 3.2.3. The propulsion system noise goal was subsequently specified as

not to exceed the bare vehicle noise for maximum power operation at the cruise

kS :
The work was carried out from 1 July 1974 to 1 November 1974 on Purchase
Order P.0. A32835 under Philco-Ford Independent Research & Development (IR&D)
Program, Work Order 7831.
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velocity of 134 m/s (300 mph). Based on this constraint on noise (and additional
constraints on vehicle envelope), Hamilton Standard optimization studies show
that the most desirable¥ propulsion arrangement consists of twin ducted Q-£fans
of 1.37 m (4.5 ft) diameter, driven by two remotely-located gas turbine engines,
as shown in Figure 4-66. In addition to the basic low-noise design of the fan,
extensive noise treatment is provided along the duct walls, support struts,
turning vanes and central pylons. Similar noise treatment is provided for the
engines, primarily in the inlet and exhaust regions. The remote engine location
is preferred because it is more favorable for sound suppression and permits
inlet air filtering for longer engine life. Regenerative engines are highly
desirable due to their ~ 15% lower fuel consumption, éven though the weight

and volume is substantially increased.

The propulsion system is sized to produce thrust at 134 m/s equal to vehicle
total drag corresponding to 2% grade and 13.4 m/s (30 mph) headwind conditions.
During acceleration the engines are operated at maximum power, i.e., at the
power corresponding to the aforementioned design point, and fanblade pitch is
varied to provide the desired thrust. For the level cruise and no-wind condi-
tion, the engines are throttled back to the lower power level when cruise veloc-
ity is reached. This method of operation results in the thrust/velocity rela-
tionship shown in Figure 4-67, Minimum specific fuel consumption (SFC) for the
engines occurs at the level cruise, no-wind operating condition. The Q-fans are
also fully reversible for braking, but this is employed only for emergency
operation because the aerodynamic drag brakes combined with the inherent magnetic
braking are easily capable of providing the maximum permissible 0.15 g decelera-
tion rate under normal operating conditions down to the lift-off point.*% Wheel

brakes are provided for braking operations below the lift-off speed.

B, Noise. Propulsion system (engines and fans) noise level estimates are
shown in Figure 4-68 together with the design goals and the bare vehicle noise
estimate. For operation at 134 m/s on a 2% grade with 13.4 m/s headwind, the

noise level is estimated at 92 dbA, 15 m (50 ft) from the centerline of a

*The selection criteria included size, noise, acquisition cost, maintenance
cost, reliability, weight, and transmission {gear train) complexity.

#**Note that the magnetic drag below lift-off (< 30 m/s) is held constant by
appropriate control of vehicle height above the guideway, while operating
on its wheeled undercarriage. '
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445 kN (100,000 1b) vehicle. For the baseline vehicle at 366.5 kN (82,400 1b),
the level reduces about 0.5 db, to 91.5 dbA. The noise level during accelera-
tion is held constant by use of a variable area exhaust nozzle. For normal
level-cruise operation, the propulsion noise level drops to 85.5 dbA at 134 m/s,
6.5 db less than that for the bare vehicle. Vehicle and propulsion system noise
are equal (78.2 dbA) at approximately 90 m/s. Total vehicle noise is shown in
Figﬁre 4-69 for the Q-fan system with either gas -turbine drive or the electric’

motor drive discussed in subsequent paragraphs.

100
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Overall untreated engine noise for the 445 kN vehicle is 99 dbA at 15 m,
reduced to 86 dbA with treatment. Untreated fan noise is estimated at 106 dbA
per fan, also reduced to 86 dbA with treatment., Hamilton Standard studies show
that further noise reduction is possible by techniques such as increasing the
fan diameter, moving the fans up so as to be out of the boundary layer (or
forward on the vehicle) and the use of advanced technology noise suppression
techniques, They estimate that the DOT ''goal'' of 73 dbA can be met, but the
systems implications are such that further study would be required. Neverthe-
less, baseline noise performance must be regarded as quite good when compared
with the performénce goals of other transportation modes as shown in Table 4-19,
prepared by Hamilton Standard. Appendix E presents a detailed discussion of
Hamilton Standard's acoustic work relative to Q-fan propulsion for MAGLEV

vehicles.

TABLE 4-19. COMPARISON OF NOISE OBJECTIVES

dBA AT 60M
e DOT GOAL (73 dBA AT 15M) 61
® TIVILV Q-FAN SYSTEM {~93 DBA AT 15M) . ~81
] JAPAN {TRAINS} 75-80
s FRANCE (TRAINS) 75-80
o FUTURE STOL AIRCRAFT 92
) GENERAL AVIATION (USA AND EURQPE} 92
e FAR PART 36 {100,000 LB VEHICLE) 108
e 5-LANE INTERSTATE HIGHWAY 87

C. Performance. TFigure 4-70 shows the acceleration of the baseline
B80-seat vehicle for both cruise and grade/headwind conditions. The cruise
condition occurs most frequently during corridor operatioﬁs and represents
the "design" condition. Thus, for sizing the propuision system, maximum
continuous power occurs during cruise at maximum velocity: acceleration and
grade/headwind conditions represent time-limited overload operations. 1In
general, Figure 4-70 shows that acceleration is very good, at least compared

with railroad practice.¥®

*The advanced-technology Sikorsky 6-car Turbotrain 2, for example, is quoted
at 0-80 mph in 156 sec, for an average acceleration of €.023 g.
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The speed-distance-time history for level, no-wind acceleration to cruise
speed is shown in Figure 4-71. ©Note that the baseline vehicle takes 182.3 seec.
and 14.17 km to reach 134 m/s. Figure 4-72 presents component efficiency during

acceleration and at the cruise conditions. The componrent arrangements are

shown below.
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l TPFN

A;,,-GEARBOX(E%OBN

INLET/D!FFUSER [
T PeB

(e = 0.95)
N
TPE

where
PFN = Power delivered to fan
PG# = Power delivered to gearbox
PE = Power aeveloped by (bare) engine
PO = Output:power = vehicle drag power
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Table 4-20 shows the power and effiéiency values for the baseline wvehicle

(366.5 kN, CDAC = 1.8 mz).

The overall (fuel-to-power out) efficiency shown in Figure 4-72 and
Table 4-20 is based on a fuel lower heating value (LHV) of 43.3 MJ/kg
(18,600 Btu/lb). The quoted SFC values are estimates by Hamilton Standard
.based on current and advanced technology engines. The Detroit Diesel-Allison

Division of General Motors is currently developing a number of derivatives of
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TABLE 4-20, BASELINE POWER/EFFICIENCIES ATV = 134 m/s

CRUISE GRADE/HEADWIND
Pg (KW) 3739 5279
Pen (KW) 6680 9742
Pg (KW) | 7183 ’ 10,475
€ (FAN/DUCT) 0.560 0542
€ (GEARBOX) X € (INLET) 0.93 0.93
¢ (OVERALL) 0.209 : 0.168
SFC (KN/MJ) 5.63X 104 - 6.63x 10%

(LB/HP-HR) {0.34) {0.41)

their XT701-AD-700 turbeshaft engine for the Boeing Vertol heavy-1lift helicopter.
One of these derivatives is a regenerative engine for a hydrofeoil boat, develop-

ing 7640 hp (5700 kw) with an SFC = 0,38 1lb/hp-hr (0.23 kg/kw-hr).

D. Weight, Fuel weight is a function of the "trajectory' or mission
profile employed. For design purposes, a 750 km route has been selected, with
a maximum of five. intermediate, equidistant stops as discussed in Section 3.2.4.
The portion of the trajectory assumed for transit intc and out of a hypothetical
city is shown in Figure 4-73 for the baseline vehicle. Note that the total
intra-city distance covered is 20.3 km and corre5pondiﬁg time is 423.5 sec.,
which includes 150 sec. for loading/unloading in the station. It is further
assumed that 907 of the route (675 km minus the intra-city distance) represents
the ctuise condition and 10% (75 km) represents the grade/headwind condition.
The fuel consumption rate for idle and deceleration is approximately 157 of the
cruise value. SFC at grade/headwind conditions and under acceleration is

approximately 217% above the cruise value,

Table 4-21 summarizes component and fuel weight for the baseline vehicle
with five intermediate stops where the fuel weight includes a 15% reserve, For

straight-through (express) operation, fuel consumption is 25.1 kN, and the
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comparative Energy Intensity, §, for the baseline 80-seat vehicle is

o ¢ (N, = 5) =~ 2.18 MI/seat-km (3326 Btu/seat-mile)

s U (Ni = () =~ 1,84 MJ/seat-km (2807 Btu/seat-mile)

TABLE 4-21. PROPULSION SYSTEM WEIGHT BREAKOUT

COMPONENT WEIGHT, KN {Ib)

¢ ROTOR GROUP 4.41 (991)

ROTOR ASSEMBLY
PITCH ACTUATOR
PITCH REGULATOR
SYSTEM OIL

o GEARTRAIN GROUP 3.42 {769)

GEARBOXES AND SHAFTING
SYSTEM OIL

¢ DUCT GROUP 21.62 {4,867)

NON-ROTATING SPINNER
 CENTERBODY

VANES AND STRUTS

FULL DUCT

AFT SPLITTER

e ENGINES {(REGENERATIVE) 17.03 (3,829)

SUB-TOTAL, COMPONENTS 46.48 (10,450)
o FUEL (29.7 X 1.15) 34.12 {7,670)

CRUISE 16.7

GRADE/WIND 4.0

ACCELERATE 8.0 , g%;;‘l?'MED

DECELERATE 0.4

STATION 0.6

TOTAL PROPULSION SYSTEM WEIGHT 80.6 KN {18,120 Ib)
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Section 4.2.6 reports on a vehicle synthesis study carried out to ascertain
the effect of vehicle seating arrangement and other parameters on energy con-
sumption.‘ The 140-seat vehicle with 2 + 3 seating (two seats on one side and
three on the other side of an aisle) is found to have a substantially lower

Energy Intensity, ¥, than the baseline 80-seat vehicle. TFigure 4-74 shows { as

4
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FIGURE 4-7.4. ENERGY VERSUS INTERCITY DISTANCE
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a function of intercity distance for both the 80- and 140-seat vehicle as well
as for trains of 140-seat vehicles, all at 134 m/s maximum speed. Note that
the 3-coacn train shows a ¥ of 1.33 MJ/seat-wn (2029 Btu/seat-mile) for the

l25 km intercity distance, corresponding to the baseline 750 km route with

Ni = 5, For intercity distances less than 1000 km, the Ducted Fan/Gas Turbine-
driven MAGLEV vehicle offers better than a 2 to 1 energy advantage (on a per

- seat basis) over current CTOL jet aircraft as well as a significant improvement

over the personal gutcmobile,

Figure 4-75 shows the effect of cruise speed on Energy Intensity, Note
that the minimum energy point for the 3-coacl train occurs at approximately

100 m/s (224 mph) with ¥ = 0,9 MJ/seat-km (1373 Btu/seat-miie).

E. Emissions. Hamilton Standard believes that the gas turbines will
easily meet the proposed 1979/81 EPA turbine regulations since some engines,
e.g., the T-56, can currently meet or come very close to these values.

Table 4-22 summarizes the emission performance for the 80-seat vehicle with
five intermediate stops. The advanced system figures are based on the study

data of Reference 4-28.

TABLE 4-22. ESTIMATED PROPULSION SYSTEM EMISSIONS

NOX UHC co
o 1979/81 EPA (G/KG FUEL) 10 (T.0.) 4 (IDLE) 20 (IDLE)
o BASELINE TMLV (KG/TRiP) 247 0.8 4
¢ BASELINE TMLV (KG/‘[O3 SEAT-KM) 0.41 0.013 0.07
® ADVANCED SYSTEM {KG/1 03 SEAT-KM) | 0.057 0.0056 0.09

A brief examination of alternate fuels was carried out, primarily to
establish packaging requirements and performance capability associated with
different fuel heating values. The major objectives for comsideration of
alternative fuels is reduced exhaust emissions and future fuel availability,
The results are summarized in Table 4-23 for three fuels with lower emissions

capability than the reference JP fuel. Note that the use of liquid hydrogen
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t

reduces the fuel weight by 19.1 kN (4294 1b) — a 64.3% reduction compared
with JP fuel. Although the storage volume is increased by a factor of

four, it can be accommodated within the baseline vehicle.
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TABLE 4-23. ALTERNATE FUELS COMPARISON (DUCTED FAN/GT BASELINE)

FUEL WEIGHT
CONSUMED
FUEL LHV (MJ/KG) W, KN (LB) STORAGE VOLUME (M3)
e JP ' ‘ 43.2 29.7 (6677) 4.4
o HYDROGEN 1211 10.6 (2379) 17.6
o ETHYL ALCOHOL 30 425 (9566) 6.8
e METHYL ALCOHOL 20.2 £3.3 (14,241) 145

F. Cost. For the béseline 80-seat vehicle, Hamilton Standard estimates
the fan components (Q-fans, ducts, gearboxes, etc.) at $500,000 and the gas
turbines at $700,000 for an onboard propulsion cost of $1,200,000 per vehicle,
exclusive of development cost. Since the system is totally self-contained,
there are no guideway-related costs as is the case with electric propulsion.

Total vehicle cost is estimated at $2,316,000.

G. Preliminary Evaluation. The Ducted Fan/Gas Turbine combination is a

feasible concept for MAGLEV vehicle propulsion, and has numerous aévantages.
Since it is totally self-contained, it is compatible with any vehicle/guideway
configuration desired and any switch concept proposed. It provides propulsion
for both primary operation as well as off-ramp and station operation, Overall
efficiency is relatively high, total system energy consumption and cost is low,
and a wide variety of chemical fuels can be employed, if desired, e.g., to
reduce exhaust emissions to negligible levels. Performance is excellent and
cruise noise levels by contemporary standards, are quite low. It has the
unique advantage of essentially "off-the-shelf" development status and the
obvious benefit of high reliability. At this point in time, the. only dis-
advantages are: (1) moderately high noise level (~ 90 dbA) during full-power
acceleration, and (2) the requirement for chemical fuel, i.e., if the United

States becomes an all-electric society.
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H. Alternate Power Plant (Ducted Fan/REM). In the event that chemical

fuels (fossil or synthetic) prove undesirable because of cost, availability,
or unacceptable emissions characteristics, it will be necessary to propel the
MAGLEV vehicle with an electric system. Significant research efforts have
been devoted to a number of electriec propulsion systems, such as the linear
induction motor (LIM) and the linear synchronous motor (ILSM) discussed in
subsequent paragraphs, It is also possible to drive the ducted fans with
rotary electric mbtors (REMs), but the large volume and mass of conventional
electric motors in the power range of interest effectively make this approach
infeasible. However, recent research on superconducting electric motors and
generators (Ref, 4-29) indicates that substantial improvements are possible,
For the analyses reported herein, a power /weight ratio of 335 kW/kN (2 hp/1b)
is employed, together with a specific weight of 24.3 kN/m3 (154.6 lb/fts),
based on the data’ of Ref. 4-29.

(1) Performance. An 80-seat (2 + 2 seating) vehicle has been synthesized
with this propulsion arrangement and the baseline hat-shaped guideway configu-
ration, With an onboard power control unit (PCU), the vehicle gross weight is
332.8 kN (74,800 1b) for operation at 134 m/s (300 mph) cruise speed. Indi-
vidual propulsion components are identified in Table 4-24, Table 4-25 shows
the weight of each major element comprising the vehicle. The general arrange-

ment of the Ducted Fan/REM drive system is shown in Figure &4-76.

TABLE 4-24. DUCTED FAN/REM SYSTEM COMPONENTS WEIGHTS

COMPONENT WEIGHT, KN (LB)
e FANS (2) 4.3 {867)
o GEARBOXES (2} 33 {742)
e DUCTING | - 21.6 {4,856)
e POWER CONDITIONING 45 ' {1,012)
e ELECTRIC MOTORS (2) 19.8 (4,451)
TOTAL 535 KN (12,028 LB}
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TABLE 4-25. DUCTED ‘FAN/REN\ VEHICLE WEIGHT BREAKOUT

COMPONENT WEIGHT, KN (LB}
) SUSPENSION 65.2 {14,659)
o STRUCTURE 498 {11,186)
o FURNISHINGS 245 {5,508)
o AUXILIARIES 21.0 (4,721)
o BRAKES . 18.8 (4,227)
o CREW COMPARTMENT . 15.6 {3,507)
© PAYLOAD 71 (15,962)
o PROPULSION 53.5 (12,028)
o CONTINGENCY 13.4 (3,012)
;VEHICLE GROSS WEIGHT 3328 KN (74,820 LB)

Figure 4-77 shows the thrust/drag characteristics of the system, and
Figure 4-78 shows the resultant acceleration for operation on both level and

grade conditions.

Overall system efficiency, i.e., from fuel to power out is approximately
14.9% at V, = 134 n/s (300 mph) as shown in Table 4-26.

TABLE 4-26. OVERALL FAN/REM EFFICIENCY AT

134.1 MIS
e FAN/DUCT ' 0.56
e MOTOR 0.98
o POWER CONDITIONING 0.95
@ GEARBOX 0.98
o TRANSMISSION LINES | 09
o COLLECTION, DISTRIBUTION 0.9

o GENERATING PLANT 0.36
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For the 80-seat Fan/REM-powered vehicle at 134 m/s, Energy Intensity, V¥,
is approximately 2.59 MJ/seat-km (3951 Btu/seat-mile) for the 750 km route
and Ni =5, i,e., for an intercity distance of 125 km, The general variation

of § with intercity distance is given in Table 4-27.
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TABLE 4-27. FAN/REM VEHICLE ENERGY INTENSITY

Ve = 1341 WIS

INTERCITY

DISTANCE, KM ¥, MJ/SEAT-KM (BTU/SEAT-MI)
50 2.96 (4,5186)
100 2.66 (4,058)
125 2.59 (3,951)
200 2.52 (3,844)
300 2.47 (3,768)
500 243 (3,707)
800 2.41 (3,677)

(2) Switching. With the hat-shape guideway, the Ducted Fan/REM vehicle

will switch in the same manner as the gas turbine-powered vehicle, but with

the additional requirement that the power pick-up must be switched. This can

be achieved by retracting the primary pick-up and engaging another one upon

entering the off-ramp.

(3) Cost. Preliminary Fan/REM system cost estimates are given in

Table 4-28.

TABLE 4-28. FAN/REM SYSTEM COST ESTIMATES

e MOTORS (INCL. PCU)
e FANS (INCL. DUCT, GEARBOXES)
# POWER RAILS

e POWER STATIONS

$950,000
$500,000
$497,000/km

$ 37,000/km

The 80-seat, 332.8 kN (74,800 1lb) vehicle synthesized to accommodate a

Fan/REM propulsion system is estimated to cost $2,546,000 exclusive of develop-

ment cost. Section 5 summarizes the vehicle/guideway cost figures,
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(4) Preliminary Evaluation. The Ducted Fan/REM propulsion concept appears

feasible for a Repulsion MAGLEV system and is a viable alternative to a gas
turbine drive if chemical fuels prove unacceptable. ‘Fan noise is still present,
but the previously presented acoustic data for Q-fans indicates that propulsion
noise may not be a‘problem except during acceleration. System performance is
good but overall efficiency is low, with consequent high energy consumption.
The system is very compatible with the Repulsion MAGLEV concept, i.e., it is
insensitive to the gap between vehicle and the guideway. Furthermore, the
system ptrovides propulsion for primary guideway operation, for switching, and
at the passenger loading stations. Of all the electric propulsion systems
studied, it appears easiest to switch., Motor cost is a rough estimate at this
stage in its development, but the U. 5. Navy programs on superconducting motor-

generator systems should provide more accurate inputs in the near future.

4.4,3 Linear Induction Motor (LIM and SLIM)

A, Background. The linear‘induction motor has been the subject of sub-
stantial:research effort both in the United States and abroad. Claimed advan-
tages for this type of propulsion are low noise, no wayside emissions and the
elimination of chemical fuels (fossil or synthetic) as the energy-producing
source, Admitted disadvantages are the need for wayside power pick-up, reduced
motor efficiency compared wi;h conventional REMs due to end effects, power
conversion losses gnd the reduced overall efficiency associated with Rankine-
cycle power-station generation, and losses in the electrical transmission/
distribution netwofk. Furthermore, the motor and its associated power conver-
sion equipment (PCUs) are quite heavy, e.g., about 105 kN (23,600 1b) with
current technology. This problem can be alleviated, in principle, by locating
all PCUs on the wayside, but there are substantial cost implicatioms, as shown
later in Section 5. Also, the plant-generated emissions problem is not elimi-
nated until the nation's conversion to an all-nuclear (or solar) generation
system. -Even under such circumstances, the electrical transmission/distribu-
tion loss problem 1s such that there is strong advocacy of a synthetic fuel
(e.g., hydrogen) system for those forms of energy utilization which are

inefficient users of electricity.
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B. Performance. More immediate difficulties with a LIM system for
Repulsion MAGLEV systems relate to dynamic incompatibilities, i.e., related to
the order-of-magnitude difference in ¢learance between the motor and its
reaction surface and the vehicle and its reaction surface. Preliminary consi-
derations on this subject (see Section 4.2) indicate that the motor cannot be
attached to (or suspended from) the vehicle without, (1) adversely affecting
vehicle ride quality, and/or (2) introducing unacceptable variations in the
gap between the motor and its reaction surface. For design purposes, therefore,
it is assumed that the motor has its own suspension system and functions
strictly as a tusz, thus transmitting only thrust forces by means of a low-
friction thrust bearing/linkage arrangement. It is further assumed that the
propulsion tug is suspended by means of superconducting magnets operating over
the same aluminum surfaces which provide levitation to the passenger-carrying
vehicle. Proper gap maintenance is achieved by operating the tug magnets
(with damping control) at a small gap, with comsequent higher natural frequency
and much less stroke than for the main vehicle. Additional consideration has
been given to supporting the propulsion tug by means of air cushions as emploved
on the Grumman TLRV, Although this approach could be more effective than the
magnetic support approach, the necessary analyses were clearly out of scope

for this program and no work has been done on air suspension.

LIM physical parameter and performance data have been'provided by the
Garrett Corp. (Ref. 4-30) based on scaling the existing TLRV double-sided motor
to TMLV requirements. For analysis purposes, however, it was decided to
consider the single-sided motor (SLIM) largely because it can be switched more
easily and because the reaction rail configuration offers some technical
advantages. At the direction of DOT, D. Elliott of JPL supplied some data
for a SLIM (Ref. 4-31) based on a single-sided version of the Garrett LIMRV
motor scaled ko greater width and higher current density.,* Since Elliott's
estimate of the bare motor weigHt is essentially the same as Garrett's figure,
the more detailed Garrett component weight data have been employed to support

performance computations. Table 4-29 shows the weight and physical dimensions

*However, no data were provided on the associated power conditioning and
control equipment.
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TABLE 4-29. SLIM SYSTEM PHYSICAL DATA

COMPONENT WEIGHT (KN) DIMENSIONS (M}
s MOTOR (PRIMARY) (1) 53 (11,915 LB) 3.81 (L), 1.0 (W),
0.16 (H)
e SYNC.CONDENSERS (2) 37.3 {8,385 LB) 1.2X 1.2 X 1.2 {(EACH)
e CONVERTERS (2) 6.7 (1,506 LB) 1.65 (L}, 0.55 (W),
1.2 {H) EACH
e SUPPORT EQUIPMENT 7.8 (1,754 LB) 3.04L), 1.2 (W),
(COOLING, AUX POWER, 1.2 (H)
CONTROL)

TOTAL* 104.8 KN (23,560 LB)

*THESE FIGURES PROPERLY REPRESENT AN ON-BOARD SYSTEM; WITH WAYSIDE PCU,
ONLY THE MOTOR AND SUPPORT EQUIPMENT ARE ON-BOARD AT A GROSS WEIGHT OF
60.8 KN (13,669 LB}

for a SLIM Systém exclusive of tug structure, thrust pad/linkage, and levita-
tion/guidance (lev/guide) magnets. The tug structure and thrust pad/linkage
equipment is estimated to weigh 9 kN (2,023 1b) with the levitation magnets

and control equipment at 6 kN (1,349 1b) so the total SLIM propulsion system
weight is 75.8 kN (17,042 1b) if wayside PCUs are employed. An 80-seat

(2 + 2) vehicle was synthesized with this propulsion arrangement and the base-
line guideway configuration; the resultant weight breakdown is shown in

Table 4-30. With wayside PCUs, the vehicle gross weight is 347.2 kN (78,100 1b)
whereas the gross weight with onboard PCUs is 402,2 kN (90,400 1b). The
general arrangemént of the vehicle and the propulsion tuglis shown in Fig-

ure 4-79, The SLIM secondary (reaction surface) consists of a continuous
laminated iron component 1 m wide by 0.125 m thick, overlayed with an aluminum
conductor 2 mm thick. Note that this conductor is too thin (due to excessive -
drag force) to permit the propulsion tug to support itself magnetically above
the motor reaction surface rather than above the vehicle reaction surfaces.

A more serious p}oblem associated with the thin aluminum conductor is the heat
generated during motor start-up. Preliminary calculations indicate high temper-

atures in the aluminum with possible severe damage., Unfortunately, D. Elliott
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TABLE 4-30. 80-SEAT SLIM VEHICLE WEIGHT BREAKOUT

COMPONENT WEIGHT, KN (LB)
e SUSPENSION _ 62.5 (14,051)
e STRUCTURE 44.0 (9,892)
e FURNISHINGS 245 (5,508)
o AUXILIARIES , 21.0 ' (4,721)
® BRAKES 19.4 (4,361)
o CREW COMPARTMENT 15.6 (3,508}
e PAYLOAD 71 {15,962}
e PROPULSION 758 {17,042)
e CONTINGENCY 13.4 (3,012}

TOTAL 347.2 KN {78,057 LB)

has indicated that an increase in aluminum thickness would substantially reduce
SLIM performance. At this point, therefore, some aspects of the SLIM design

data are questionable.

Thrust/drag characteristics are shown in Figure 4-80 for the Garrett LIM
systeri as well as for the SLIM system. Note that the SLIM secondary exerts
a very large down-force on the primary, particularly at low speed; this down-
force introduces a drag force on the propulsion tug which serves to reduce the
effective thrust of the system. Nevertheless, the gross thrust is so high
that the wvehicle acceleration will exceed the specified 0.15 g limit up to
approximately 80 m/s (179 mph), as shown in Figure 4-81. Figures 4-80 and 4-81
also show Garrett LIM data for comparison, The substantial improvement in
performance with the SLIM is probably due more to the 'paper' aspect of the

design, i.e., based cn future expectatiohs, rather than on actual performance.

Figure 4-82 shows the variation of SLIM efficiency with speed. Overall
systems efficiency, i.e., from fuel to power out is approximately 18.8% at

v, = 134 m/s, as shown in Table 4-31,
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FIGURE 4-82. SLIM EFFICIENCY

TABLE 4-31. OVERALL SLIM EFFICIENCY AT 134.1 M/S

s MOTOR 0.7
e PCU 0.92
e TRANSMISSION LINES 0.9
e COLLECTION, DISTRIBUTION 0.9
e GENERATING PLANT 0.36
€g = 0.188
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For the SO-éeat SLIM-powered vehicle, Energy Intensity, ¥, is approxi-
mately 2.19 MJ/seat-km (3341 Btu/seat-mile) for the 750 km route with N, =5,
which is equivalent to an intercity distance (stage length) of 125 km. The

general variation of { with intercity distance is given in Table 4-32.

TABLE 4-32, SLIM VEHICLE ENERGY INTENSITY AT 134.1 M/S

INTERCITY :
DISTANCE, KM ¥, MJ/SEAT-KM (BTU/SEAT-MI)
50 2.31 (3,524)
100 2.21 (3,371}
125 218 (3,341)
200 216 (3,295)
300 214 (3,265)
500 2.13 (3,249)
- 800 2,12 (3,234)

C. Switching. If the hat-shaped guideway is employed with SLIM propul-
sion, switching is accomplished in a manner similar to the baseline Ducted
Fan/GT System, with the exceptions that: (1) a separate propulsion system
must be provided since the SLIM is nullified when the vehicle leaves the
primary guideway, and (2) the power pick-up must also be switched. 8Since the
vehicle engages the switch at speeds below lift-off, i.e., on wheels, the first
exception above suggests separate electric motor drives for these wheels; a
solution for the second exception is to retract the primary pick-up and extend
a separate pick-u# for engagement at the switch. Both of these approaches
are complex but appear feasible, and retain the inherent safety of the basic
switch concept. Of course, the U-channel guideway provides a simpler switching
approach* and perﬁits the SLIM to carry out the switch functions as well as
the primary propulsion functions. This approach is not failsafe, however, and
the U-channel suffers a anumber of other serious deficiencies when compared

with the hat-shaped guideway.

*By extending an arm to engage either (left or right) outside reaction surface.
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D. Cost., Preliminary SLIM system cost estimates supplied by DOT are

summarized in Table 4-33.

TABLE 4-33, SLIM SYSTEM COST ESTIMATES

e MOTOR (PRIMARY) $900,000

e REACTION RAIL (SECONDARY) $311,000/KM
o POWER RAILS ‘ $497,000/KM
© POWER STATIONS $ 93,000/KM

The 80-seat, 347.2 kN (78,100 1b) vehicle synthesized to accommodate a
SLIM propulsion system is estimated to cost $2,013,000 exclusive of development.

See Section 5 for the derivation of the vehicle/guideway cost figures,

E. Preliminary Evaluation. In general, the brief analyses reported here

show that a SLIM propulsion concept is feasible for a Repulsion MAGLEV system,
and it has moderate efficiency and good performance provided wayside PCUs can
be employed and high-speed power pick-up can be achieved. Substantially more
research and development is required, however, tc establish its desirability
for Repulsion MAGLEV, The inherent difference between the'operating gaps of
the SLIM and the vehicle lev/guide magnets suggests a basic incompatibility
which is not likely to be removed by clever linkage design, tugs, etc, Motor
cost is reascnable, but the guideway cost is high, due primarily to the high

electrification costs.

4.4.4 Linear Synchronous Mbtof (LSM)

A. Background. Consideration has teen givén to a linear synchronous
motor of the type currently under study in Canadz - namely 40-50 short
magnets on the vehicle to be used on}y for pfopulsion. This large nunmber
of high-strength superconducting magnets are mounted on the vehicle and
interact with a specially-designed part of the guideway. This guideway sec-

ticn is comprised of a matrix of aluminum conductors electrically powered,
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phased and ceontrolled so as to produce a moving field whieh interacts with
the vehicle magnets and produces thrust. Since the LSM thrust is propor-
ticnal to the product of the width of the magnets, the number of magnets,
the magnet current and the guideway current (Ref.‘h-22) it is obvious

that for fixed magnet width and current, few vehicle magnets require high
guideway currents while a large number of vehicle maghets require less
guideway current, albeit of a higher frequency. Also, a larger number of
vehicle magnets increases the vehicle weight reguiring a corresponding
increase in thrust.

Alﬁhough the optimum configuretion (magnet size, current and frequency)
for lowest costs lies outside the scope of this study, work was initiated to
¢btain LSM magnet;Weighﬁs and costs frcem the Magnetic Corporation of America.
This information together with appropriate modifipations to the results qf
a report by Unitea Bngineers (Ref. L-33) on the guideway electrification
costs fSr the MIT Magneplane project formed the basis for the results in
this section and the cost results in section 5.4, Also, the Raytheon Cor-
poration, under contract to Philco-Ford, carried out a brief investigation
(Ref. 4-32 and Appendix F) of the suitability of LSM for controlling the
vehicle dynamic motions as well as for propulsion. Although is appears
feasible tc do this dual function, systems considerations suggest that a
separate onboard system should be employed for ride ceontrol and use the LEM
solely for the propulsion role. For example, additional "active" guideway
surfaces will have to be provided in addition to the cne for propulsion to
assure the requiréd damping forces in all degrees of freedom. Since these
active surfaces are quite costly - compared with the basic guideway - there

will have to be substantial benefit to Justify the approach. The information
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exchange between vehicle and guideway is greater because of the need for
handling multi;zxis dynamic motion date. Furthermore, an onboard power
supply of abcocut 100-200 kW is still necessary for lighting, sir condition-
ing, communications, etc., whereas the average coﬁtrol power saved 1s only
about 25;50 kW. Thus the benefits of having the LSM provide ride control
appear outweighed:by the disadvantages.

B. Performahce. The propulsion-only LSM is reascnably compatible

with the baseline%guideway as shown in the general arvangement of Figure
L_83. (Note the layout of a hybrid system, where the LEM provides ride
contrel . of the swéy/yaw motion in addition to propulsion.) There are a
number of disadvantages with the LSM, however, that are pertinent to a
MAGLEV éystem.of the type considerea here, 'For example, a large number of
superconducting magnets and their associated cryogenic equipment requires a
significant increase in vehicle weight and complexity. The guideway cost

is high compared to the baseline ducted fan design because of the "active"
nature of the proﬁulsion—related components. Vehicle switching is also
anticipated to bg‘mbre complex although no in-depth analysis has apparently
been made on thiéjsubject to date. If the LSM 1s coupled with the baseline
guideway, auxilia?y bropulsion must'be provided as the vehicle engages the
off-ramps. One solution would be to provide electric motorg for the wheeiéd
suspension, to facilitate switching, off-ramp, and station operations.

Power pick-up wouid thus be necessary, but at the low speeds involved this

should be nc problem.
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Table 4-34 shows a weight estimate for the LSM magnets and associated
cryogenic system, and Table 4-35 summarizes the component weights for a
134 m/s, 80-seat vehicle synthesized to accommodate an LSM propulsion sys-
tem. The gross weight of the vehicle is 464 kN (104,300 1b).

The overall system efficiency at cruise conditions is approximately
19.6%. Table 4-36 identifies the individual component efficiencies. Note
that the LSM efficiency corresponds to 2.5 km guideway-winding length,
which results in lowest overall system cost, according to Ref. 4~-33. It is
claimed that LSM efficiency could be increased if shorter winding lengths
were employed, but there would be a substantial cost increase. This 1s one

area where more design and systems analysis is needed.

For the 80-seat vehicle operating at 134 m/s over the 750 km, 5-stop
baseline route, the energy intensity, ¥, is estimated at 2.13 MJ/seat-km
(3,249 Btu/seat-mile). The variation of ¥ with intercity distance is

shown in Table 4-37.

€. LSM Magnetic Field Strength. The magnetic field above an LSM is

large in the immediate vicinity of the winding because of the ™ 106 ampere-
turn coils, however the fall-off in field strength 1s quite rapid with dis-
tance since the LSM magnets alternate ‘in polarity. This is verified by the
calculations summarized in Table 4-~38 for an unshielded LEM composed of

0.5x1.5 m magnets under the length of the vehicle.

Comparison of these results with those of the levitation magnets shows
that the maximum unshielded LSM magnet field is not as large as the field
of the shielded levitation coil, but the LSM field is spread over a much
larger area. Also, the difference between the maximum and minimum LSM mag-

netic field strengths at a given height is only about 10%, whereas the

field for the levitation coil drops off rapidly in both the longitudinal

4-1868






TABLE 4-34. LSM PROPULSION SYSTEM WEIGHT

WEIGHT
MAGNET SYSTEM (KN)
@ SUPERCONDUCTOR 6 (349 LB)
e HELIUM CONTAINERS 6.7 (1,506)
e OUTER CRYOSTATS & SUPPORTS a5 (2,136}
SUB-TOTAL (PER MODULE) 72? (4,991)

SUB-TOTAL (5 MODULES/VEHICLE) 111 (24,955)
REFRIGERATION 43.5 (9,780)

TOTAL SYSTEM 154.5 KN (34,735 LB)

TABLE 4-35. LSM VEHICLE WEIGHT BREAKOUT

COMPONENT WEIGHT, KN (LB)
® SUSPENSION 71.6 (16,097)
® STRUCTURE 63.9 {14,366)
® FURNISHINGS 24.5 (5,508)
® AUXILIARIES 25 (5,620)
¢ BRAKES 245 (5,508)
® CREW COMPARTMENT 15.6 {3,507)
® PAYLOAD 71 (15,962)
® PROPULSION 154.5 (34,735)
® CONTINGENCY 13.4 (3,013)

VEHICLE GROSS WEIGHT 464 KN (104,316 LB)
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TABLE 4-36." LSM COMPONENT EFFICIENCY

e LSM({INCL, PCU @ 0.85)
& TRANSMISSION LINE

e COLLECTION, DISTRIBUTION c.9
@ GENERATING PLANT

%o

0.672

0.9

0.36

0.196

TABLE 4-37. LSM ENERGY INTENSITY @ 134.1 M/S

INTERCITY

DISTANCE, KM Y, MJ/SEAT-KM (BTU/SEAT-MI)
50 2.24 (3,417)
100 2.15 (3,280)
125 2.13 (3,249)
200 2.10 (3,204)
300 2.08 {3,173)
'500 2.07 (3,158)
800 2.06

(3,143)

TABLE 4-38. PREDICTED FIELD STRENGTH OF LSM MAGNETS

HEIGHT (m) MAXIMUM FIELD STRENGTH
{ABOVE MAGNET WINDING) (TESLA)
0.3 0.310 (3100 gauss)
0.6 0.045 (450)
“0.9 0.007 (70)
1.2 0.001 (10)
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and lateral difections. The results presented above indicate that the
unshielded magnetic field for LSM propulsion may not be a problem provided
there is sufficient height (v 1 m) above the windings — which is the case
if the vehicle‘is configured to accommodate a U-channel guideway. For the
baseline guideway however, there is less available height and shielding

coils are provided.

D. Cost. The LSM costs are identified in detail in Section 6. With
appropriate shielding coils, the total cost estimate is approximately
$868,000 per vehicle, excluding refrigeration system cost and any develop-
ment costs, Total cost of an LSM-powered, 80-seat vehicle is estimated at
$2,086,000, exclusive of development. The guideway-related costs,.based'-

on Ref. 4-33 data, updated for 1974 dollars, are as follecws:

@ Conductors and Attach Hardware . . . . . . . . . $320,000/km
e Fixed Equipment (115 kV and . . . . . . . « . . $180,000/km
34.5 kV Transmission Systems)
o Variable Equipment {(Power Statiomns, . . . . . . $234,000/km
PCUs, Transformers, etc.) '
LSM-Related Guideway Cost . . . . . . . . . & 734,000 /km

As stated in Section 5, the data presented in Ref. 4-33 actually indicates &
cost of $1,280,000/km for the conductors after adjustment for 1974 dollars.
However, becausé our vehicle has more LSM magnet; (four times as many as
assumed by Rahthecn) the guideway conductor costs have been reduced. The
cost of transmission equipment estimated by Raythecn has not been changed

here since the difference is not considered significant.

E. Preliminary Evaluation. The LSM appears to be a feasible propul-

sion system for a MAGLEV vehicle; its major advantages are compatibility
with the Repulsion scheme and elimination-of power pick-up equipment. Much
R&D work remains, however, before a realistic assessment of the LSM can be
made. The LSM-powered vehicle is very heavy and, although overall propﬁl-
sive effiéiency is good, energy consumption is adversely affected by the
high weight. Much further work remains in the areas of vehicle switching,

speed control and acceleration, and the LSM-part of the guideway design.
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4.4.5 Superconducting Paddle Wheel

The superconducting paddle wheel i1s a novel propulsion scheme proposed
by Davis and Borcherts (Ref. 4-34) to overcome the inherent small gap limi-
tation of a conventional linear induction motor by using a superconducting

winding.

Thrust is devéloped similar to the conventional induction motor, i.e.,
a moving magnetic field near a conducting surface generates eddy currents in
the medium, and these eddy currents prodﬁce a force opposing the motion of
this field. 1In the conventional induction motor, the moving magnetic field
is created with multiphase power. However, only dec currents can be used in
ordef to take advantage of the large fields produced by superconductors and
to avoid severe ac loss probléms. Hence, the moving magnetic field must be
generated by mgchanically moving the static magnetic field. One method of
doing this is to mount the superconducting winding on the face of a drum and
rotate the drum in proximity to a reaction rail. If the drum rotates fast
enough, the part of the winding nearest the reaction rail is moving backward
relative to the rail. In this manner, the "drag" force created is in the
forward direction, providing thrust in analogy to the conventional paddle
wheel used for ship propulsion. (By changing the relative speed of rota-
tion, braking action can be obtained.) Since this superconducting motor does

not generate its own power, a prime mover such as a gas turbine or a rotary

electric metor (REM) would have to be provided.

For this application, the superconducting paddle wheel uses the levitation
surface of the guideway as its reactilon raill for producing thrust. The gen-
eralized thrust of the paddle wheel (per unit width) at constant current is
shown in Figure 4-84 as a function of both vehicle speed and relative speed#*.’
Note that the high "stall" thrust is a favorable feature for a Repulsion
MAGLEV vehicle with its characteristic low-speed drag peak. The winding cur-
rent must be in the vicinity of 106 ampere turns to provide the desired

thrust. TFigure 4-85 shows the generalized efficiency, alsc as a function of

#Relative speed is the difference between the peripheral speed of the wheel
and the vehicle speed.
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vehicle speed and relative speed. Typical paddle wheel performance is shown

in Figure 4-86, including the braking force available.

2 o D=1m, 8 WINDINGS
o 0.3 m CLEARANCE
o=
10! N 1.0
N Y, MAX BRAKING

0.8

0.8} N N

EFFICIENCY

FORCE RATIO, F/F,
<
[s2]
|
EFFICIENCY

©
£
H

0.2

0 N | I B 0
0 25 56 75 100 125 150
VEMICLE SPEED, m/s

FIGURE 4-86. PADDLEWHEEL PERFORMANCE

In addition to the ;hrust force, there is an appreciable lift force gen-
erated that could augment and possibly eliminate at least one of the two sup-
port magnets in each of the levitation modules near the paddle wheel. It is
eveﬁ possible to provide four paddle wheels in the corners of the vehicle and
completely eliminate the need for levitation magnets, relying splely on the
1ift force generated by the rotating paddle wheels. In this manner, magnetic
drag — an undesirable by-pfoductrfor the levitation magnets — is eliminated

and'ﬁecdmes a useful thrust in the superconducting paddle wheel. Detailed
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analyses are required to evaluate an integrated propulsion/suspension approach,

particularly in the area of ride quality.

The proper matching of the thrust from the superconducting paddle wheel
to that required for the vehicle requires more work to obtain the optimum
guideway parameters and determine the desirability of using the lift force
from the paddle wheel. For example, a 2 to 3 cm thick aluminum guideway may
be too thick to provide adequate vehicle thrust with a lO6 ampere~turn paddle
wheel winding. Although a thinner aluminum section would decrease the lift-
drag ratio of the levitation magnets, lift force from the paddle wheel can
offset this decreased peformance. It should even be possible to provide an
iron backing, similar to that of thé single-sided linear induction motor
(SLIM), tc the high speed sections of the aluminum guideway to enhance the
performance of the device. At high speed, the levitation magnets would not

] "

see' the iron backing.

An 80~seat, 134 m/s vehicle has been synthesized for the superconducting
paddle wheel propﬁlsion scheme. Power is supplied to the paddle wheels by
regenerative gas turbines arranged as shown in Figure 4-87. The installation
is quite compact, with only a small increase in vehicle cross—section to allow
for the engine air intakes. The gross weight of the vehicle is 365.4 kN

(82,150 1b). Propulsioen system weight is shown in Table 4-39.

The weight of each major component of the wvehicle is given in Table 4-40.
For the baseline 750 km, 5-stop route, the energy intensity, y, is approxi-
mately 1.71 MJ/seat-km (2,609 Btu/seat-mile). The variation of Y with inter-

city distance is given in Table 4-41.

The estimated cost of the paddle wheels is $775,000, and the cost of the
gas turbines is $725,000, for a total propulsion cost, per vehicle, of
$1,500,000 exclusive of development. Total vehicle cost with the Paddle
Wheel/GT propulsion system is estimated at $2,626,000. Note that at the cur- .
rent state of knowledge, the cost estimates for the paddle wheel must be con-

sidered very approximate.

A substantial amount of R&D effort must be devoted to this concept before

its feasibility can be established. At this point in time, howeveér, it has
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TABLE 4-39. PADDLE WHEEL/GT VEHICLE WEIGHT BREAKOUT

COMPONENT WEIGHT, KN (LB)

® PADDLEWHEELS {2) : 29.4 (6,610)

® GAS TURBINES {2) 14.2 (3,192)

® DUCTING 6.0 (1,349)

® GEARBOXES (2) 33 _(742)

COMPONENT SUB-TOTAL 52.9 (11,893)

® FUEL (23.2 X 1.15) 26.7 {6,003)
TOTAL PROPULSION 79.6KN (17,896 LB}

TABLE 4-40. PADDLE WHEEL/GT VEHICLE WEIGHT BREAKOUT

COMPONENT WEIGHT, KN (LB)
® SUSPENSION 66.8 {15,019)
® STRUCTURE 53.3 {11,983)
® FURNISHINGS 245 (5,508)
® AUXILIARIES 21.0 (4,721)
® BRAKES 20.2 {4,541)
® CREW COMPARTMENT 15.6 (3,507}
® PAYLOAD . 71.0 (15,962)
® PROPULSION 79.6 (17,896)
@ CONTINGENCY 13.4 (3,012)

GROSS WEIGHT 365.4 KN (82,149 LB)

4-195



FILTER

"ENGINE A!R INLET

REGENERATIVE
PLENUM GAS TURBINE

PADDLE WHEEL

2.94 DIMENSIONS METERS
{116) (IN.)

' ‘}
FILTER. ) -
\‘/_’J ‘T
PLENUM-. ' ‘ |
1‘ by \D 385
RIGHT ANGLE ‘ \ 345 (152)
DRIVE | :l (136)
SUPPORT _‘ ' | ‘
| Fo———— | il | A
STRUCTURE-\l S l fom—a
, ( r I
|
45 152
- ™ (60)DIA
i
I
l_‘_____l
L — - - v v Y

CRYOGENIC COUPLINGS

BEARING HOUSINGS

FIGURE 4-87. PADDLEWHEEL/ GT SYSTEM GENERAL ARRANGEMENT

4-196



TABLE 4-41, PADDLEWHEEL ENERGY [INTENSITY

INTERCITY
DISTANCE, KM Y, MI/SEAT-KM (BTU/SEAT-MI)

50 214 (3,265)
100 1.78 (2,715)
125 1.71 (2,609)
200 1.8 (2,441)
300 ' 154 (2,349)
500 1.49 (2,273)
800 1.46 {2,227)

significant potential as a MAGLEV propulsion device. It is light and efficient
and has relatively low enerpy consumption. It is a large gap device and is
thereby quite compatible with the Repulsion MAGLEV concept. It can be driven
by either gas turbines or supercenducing electric moters (with wayside power
pick-up)} and is adaptable to the switching concept developed for the baseline
guideway although the wheeled part of the suspension wili probably have tec be

powered for off-vamp and station operatiomns.

4.4,.6 Evaluation of Propulsion Candidates

Table 4-42 summarizes the 80-seat, 134 m/s vehicle gross weight, vehicle

cost, additicnal guideway-related cost (i.e., over the basic guideway), overall

TABLE 4-42. PRCPULSION SYSTEM COMPARISON {80 SEAT VEHICLE)

PADDLE
FAN/GT FAN/REM SLIM LSM WHEEL/GT
O VEHICLE GROSS WT (KN} 366.5 332.8 347.2 484 365.4
© VEHICLE COST ($103) 2316 2547 ' 2013 2086 2626
@ ADD’'L GUIDEWAY COST v} 494 901 734 0
($103/KM) '

@ OVERALL EFFICIENCY 0.209 0.149 0.188 0.196 0.243
© ENERGY INTENSITY 2.18 259 2.18 2.13 1.71

{(MJ/SEAT-KM}
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efficiency and baéeline route energy intensity for each of the propulsion
systems studied. Figure 4-88 shows the energy intensity for each propulsion
scheme as a function of intercity distance. Although Section 5 presents a
more complete cost analysis of the various systems, some general conclusions

can be drawn relative to the propulsion systems studied herein.

3

[ ] NSV =80
e 2+ 2 SEATING

FAN/REM

AN

ENERGY INTENSITY,  (MJ/SEAT — km)
~

PADDLE WHEEL/GT

0 500 1000

INTERCITY DISTANCE, Lg (km)

FIGURE 4-88. COMPARATIVE ENERGY CONSUMPTION

The most ''realistic' system appropriate to the Repulsion MAGLEV concept
is the gés turbine-driven ducted fan. Its development background is extensive
and its reliability is firmly established. It is totally self-contained, and

requires no power pick-up, thereby permitting great flexibility in guideway
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design; it also serves as a single propulsion system for ¢ff-line as well as
on-line operation. It is efficient and is definitely the 'near-term" solution.
-The future chemical fuel situaticon is difficult to evaldate. However, there is
reason to doubt that the U.S5. will ever reach all-electric status, whatever
the basic source of its energy, i.e., nuclear, solar, geothermal, ete. Syn-
thetic fuels would thus apbear necessary for energy applications which are not
optimum for electricity. For this reason, a hydrogen-fueled MAGLEV system
could be attractive. The emissions problem would essentially disappear with
this approach, leaving the noise problem as the only negative feature. From
the noise data presented, however, it seems clear that only the noise asso-
ciated with the acceleration phase of vehicle operations (v 90 dbA) remains

of concern — and there is reason to believe that substantial improvement can

be made in this area, as discussed in Appendix E.

Of the electric systems studied, the SLIM has the most extensive R&D back-
ground and can be considered a feasible system for Repulsion MAGLEV despite the
requirement for operating it as a tug, i.e., with a separate suspension. With
onboard power conditicning, the vehicle is heavy and energy consumption is
adversely affected. Therefore wayside power conditioning is essential, and
although not yet demonstrated, appears feasible. The appropriateness eof the
narrow~gap SLIM for a large-gap MAGLEV vehicle, however, is open to question.
It is our judgement that neither the single- nor the double-sided linear induc-
tion motors will provide a good propulsion system for the Repulsion MAGLEV

concept.

The LSM needs much more R&D to firmly establish its applicability; from
an engineering viewpoint the LSM is not much more than a collection of mathe-
matical equations at this point in time. Nevertheless, it has much potential
for the future, particularly in view of its compatibility with the Repulsion

MAGLEV concept. A vigorous research effort should be pursued on this scheme.

The (superconducting) electric motor-powered ducted fan is posed only as
an alternate to the gas-turbine driven ducted fan in the event that circum-
stances force the U.S. to an all-electric society. The noise levels are lower
(-3 dt) but still of concerm; this should be solvable however, well within the

development cycle of the superconducting motor. The biggest disadvantage 1is
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the high energy cbnsumption, and this is because the poorest aspects of each
concept are combined, i.e., the fan/duct with the electric generation chain.
Its biggest advantage is compatibility with the Repulsion MAGLEV concept and

its ability to handle both off-line and on-line operations.

The superconducting paddle wheel must be regarded as a far-out idea with
long-term potential, paricularly for low energy consumption. It is compatible
with Repulsion MAGLEV and also has the potential for integrated propulsion/

levitation. TFurther research should be carried out on this concept.

4.5 GUIDEWAY SUBSYSTEM

The guidewayfsubsystem consists of the aluminum levitation/guidance ele-
ments, the supporting guideway (both at-grade and elevated), switches, wayside
power pick-up (if any), wayside communication and contrel, and right-of-way.

‘Each of these items is discussed in the following secticns.

4.5.1 Levitation/Guidance Element

A, Requireménts. The aluminum elements in the guideway provide the

source of the eddy currents which support the vehicle and provide the neces-~
sary guidance forces. The previous Ford work established the theoretical
basis for the computation of the magnetic forces and moments and provided
some preiiminary syétem studies (Ref. 4-22). The tradecff information pre-
sented in Section 5.3.2 shows typical results for the magnetic performance

of the system., THe tradeoff information and the Ford studies show:

o The requirement for guidance forces (i.e., a 90° corner) intro-
duces a significant increase in magnet drag compared to a flat
plate, however, a corner configuration is considered to be the
most practical aluminum shape.

o The use of nearly pure aluminum alloy (1100-H14) cffers a
significant decrease in magnetic drag compared to a stronger
alloy such as 6061-T6. ‘

0 The magnetic lift-drag ratio increases with increasing aluminum
thickness. The "optimum'" thickness (minimum system cost) is a
function of wvehicle fuel costs as well as the aluminum costs.

A thickness of 2.54 cm (1 in.) is "optimum" if the JP fuel cost
rises to roughly ~20¢/liter (76 ¢/gallon) for the baseline
Ducted Fan/Gas Turbine propulsion system, and has been selected
as the baseline. (However, the optimum thickness of the alumi-
num is between 2 and 3 cm for a very side range of JP fuel cost,
i.e., 5 to 30¢/liter.)
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0 Studies at Ford have shown that the width of each aluminum ele-
ment should be approximately twice the magnet coil width, and
the height of the vertical guidance element shcould be approxi-
mately one-half the width. Thus, the size of a 90° element is
1 x 0.5 m. (These are the inside dimensions, the outside dimen-
sions are 1.03 x 0.53 m.)

o) The vertical and horizontal parts of the element must be elec—
trically connected if a combined 1ift/guidance magnet is used
on the vehicle. However, separate (unconnected) aluminum guid-
ance and 1lift elements may be used with separate guidance and
1lift mapgnets.

o} The presence of ircon close to the levitation elements degrades
the performance of the magnets, particularly at low speed. The
approximate limits on the amount of steel reinforcing bars in
the guideway are: have no bars closer than 5.1 em (2 in.) to
the bottom surface of the aluminum, and the bars at this dis-
tance should not be larger than 1.9 cm (0.75 in.) or be closer
together than 15.3 em (6 in.) on the average. More steel can
be used if located further away from the aluminum, for example
at approximately 0.3 m (1 ft), a solid-steel structure could
be used, at least for the high-speed portions of the guideway.

o The effect of surface roughness on vehicle dynamics have been
discussed in Section 4.3.2; a nominal roughness index, A, of
1.5 x 106 m-rad (5 x 10-6 ft-rad) has been used as the base-
line condition. The achievement of this roughness for prac-
tical guideway construction is discussed in following sections.

o] Structual requirements such as maximum length of the sections,
attachments, etc., are discussed in Paragraph E, below.

B. Candidate Configurations and Evaluation. There are a number of pos-

sible shapes for the levitation/guidance elements; typical configurations are
shown in Figure 4-89. The aluminum portion of the guideway is indicated by
the solid dark lines. UNote that all the candidates except one — the circular
shape — utilize a horizontal surface to provide lift and a vertical surface to
provide guidance forces. 1In addition to the five shapes shown in the figure,
others, such as an inverted Vee, were considered and eliminated. (The inver-

ted Vee guideway results in an unstable vehicle.)

In all cases the aluminum is not structural; it conforms to, and is sup-
ported by, the underlying guideway, therefore the construction tolerances of

the supporting structure becomes important from the standpoint of vehicle ride
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quality. Table 4-43 lists other important factors considered in the evalua-
tion of the various configurationms. This table summarizes the advantages and

disadvantags of each. Based upon the current information, the overall rank-

ing is:
Rank Guideway Cconfiguration
. (Baseline) Hat Shape (Wide Inverted Tee)
. U Channel

Inverted U Channel

R Canted Inverted Tee

S TC R (-

Circular

This ranking 1s based upon the assumption that the propulsion system has no
influence on the guideway design. This is obviously true only with an air
propulsion system, or a narrow superconducting paddle wheel which operates on
horizental aluminum guideway elements. The U channel, inverted U channel, or
circular guideway are better peometrical shapes for SLIM or LSM propulsion
systems since they can more easily accommodate the propulsion elements down
the center of the track. However, they are not adaptable to the baseline fail-
safe switch concept without using auxiliary propulsion in the switch area.
Actually there is relatively little difference between the ranking of the first
three candidates even for the air propulsion system. Since guideway comstruc-
tion costs are very important for the overall system eccnomics, an alternate
system such as the inverted U channel may ultimately beccme the leading con-
tender if the construction costs are the lowest. This proof, however, will
require a detailed site-specific analysis including the amount of elevated vs.
at-grade construction since this type of guideway may be quite economical for

elevated structures, but be at a disadvantage at-grade.

C. Stxess Analysis. Problems with the Garrett LIMRV vertical reaction

rail at the test track in Pueblo, Colorado, have shown that care must be taken
in the installation of continuous aluminum elements. The aluminum portion of
the MAGLEV guideway has a considerably different configuration than a LIM
reaction rail; one of the primary differences is the presence of gaps rather
than a continuous guideway. There are some advantages to the vehicle ride and

forces on the magnet by having a continuously welded guideway, but there are
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also several disadvantages and a ''gapped" or segmented aluminum guideway has
been selected as the baseline, at least for the porticns of the guideway where
normal crulise speeds are reached. The effect of gaps becomesrmoré pronounced
at lower vehicle speeds, and continuous or nearly continuous aluminum may be
required near switches, in urban regions, and in other low—speedfareas. Both

continuous and segmented guideways have been investigated as summarized below.

(1) Introduction. Sketches of possible guideway configurations are

shown in Figure 4-89. The roadway beneath the levitation eiements forms the
primary structural suppert for the vehicle magnetic loads,‘and the levitation
elements are not relied upon for this purpose. (The 2.5 cm aluminum plate
could support the vehicle loads.over spans on the order of about 0.5 meters if
an economical rcadway design could be devised to utilize this c¢apability. This

does not appear to be possible.)

The primary structural problem is produced by differential thermal expan-
sion between the roadway and levitation elements. An unrestrained levitation
element will expand on hot days and contract on cold days relative to the road-
way. However, since the levitation element for MAGLEV must be secured to the
roadway, compressive and tensile forces will develop in the aluminum on hot
and cold days, respectively. The magnitude of the stresses produced by these
forces has been estimated and compared with allowable stresses to establish

the requirements for the levitation element.

(2) Analytical Model. Only axial stresses and deformation have been

considered for this conceptual design study. Also the stresses and deforma-
tions were assumed to be constant over the cross section, bending was neglected,
and the underlying roadway was conservatively assumed to be inextensible. The
model assumed an axial member restrained by discrete attachments spaced along
both free edges of the levitation element. The axial restraint of the attach-
ments in an actual application will most likely be transmitted by frictioﬁal
forces between the attachments and levitation surface. The effects of limited
friction capability would be included in a more detailed analysis. For this
analysis, however, the levitation element is considered to be elastically
restrained from thermal expansion/contraction by evenly spaced, infinité

friction attachments. The axial load distribution in the levitation element
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cantbe. determinedi for: this: idealized' case. fromi the: solution: of the. following

equation:
2‘
4P K pcipe (T - T.)
dx;_ AE.

where: =:axial. load. at: position ¥
=: gaxial position:measured. from the:midpoint of the:element
= axital. spring. rate: of attachment divided' by the.attachment. spacing

=. cross—sectional. area

= coefficient. of thermal expansion

=- temperature: ¢f element-

P
X
K
A
E = modulus: of elasticity
61
T
Ty

- temperature: of levitation element. at. installation.

The: other  important: parameters: such.as attachment. loads, axial. stresses, etc.,

can: be: derived from:the solution. for the:axial.load, P.

(3) General Results. Solutions:of the above:equation have been: derived

which: demonstrated how the: maximum: stress: at: the: midpoint. of the lLevitation
element. ¥ncreases: with: attachment: axial. stiffness, and.how maximum.axial dis-
placemeﬁt.at the. ends: descreases with. increasing axial stiffness:of the attach-
ments. ThHe:distributiom of attachment: restraining forces were alsc. derived.
The. restraining forcess for relatively stiff. attachments are. concentrated: near
the. ends. of the: levitation:element. Since high, unmanageable. axial loads. could
theoretically ‘develop: in the attachments at- the: endss of the  levitation element,
a. practical. attachment: scheme: must. allow  relative: motion.at these attachment
points. By allowing thiis: relative: motion, axial restraining forcesiwill. be
Iimited by  the: frictiional. force: that. can. be: nesisted at each attachment. In
the: case: off a. long, continuouslyrwelded or mechanically joined. levitation ele-
ment, sufficient: frictional. forces:evenly: distributed near the ends will com-
_plete{y":estnain1anI&rge<p0ntionzof the. I'evitation element length, and the
thermal stress:will. approach: that: In. a completely restrained element- (0%
=»E@'(TlT£)). For: short, segmented levitation: elements:with expansion gaps
the. friction. forces: will. not.be: enough. to. restrain the. levitation element seg-

ments, and. stressestwill. be.significantly lower" than 0%; however, motion.at
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'the :ends will -approach that 0f .an wnrestrained eelkement. “The rcontiinuous celke-

ment “versus :segmented €lements ‘comparison :is rmade sschematically ‘in Figure 4-90.

1t4)  (Coneceptudl :Desipgn ZExample. To zassess ithe #impact .of :the canalytical

ssolutions, -redlistic waluesiwere sselkected for ‘the :dmporrant rparameters, and
calculationsnweretmade‘farsa_rqptesentaﬁiuerdegtgn{ ‘The *values "used ‘for ‘this
example :are :summarized :at the top 0f 'Tdble 4~44. T“The ;possible rextreme rmetal
temperatures were :estimated to be -=34.4°C (-30°F) .and 60%C (140°F) .for "instal-
lations in the:United States (Ref. 4=35). -Axial frictional restraint-will .be
pronided'by'cIamping'the;aluﬁinumLSheet to the «concrete roadway -at .one ' meter
interwvals :using bolts .or :a clip -and ‘bolt :arrangement. The .range:of static
coefficients of friction for-various combinations-.of :materials, i.e., aluminum
on .aluminum, aluminum:on.steel, and .steel on concrete, is .estimated to.be:0.45

t010.!95 ‘based rondata .in .Ref. 4-36.

As .an .example, a:.realistic .attachment design.might use:a 1.91 em (0.75 in.)
di?meter‘bo&ttpreloaded to 172iMij2 (25,000 1bVin2) clamping .force. Asiout-
lined .in Téable 4-=44, the .levitation .elements with.lengths greater than .80 meters
would -probably -develop thermal 'stresses :equal to:0% (the thermal .stress in.a
completely ‘restrained element) and thus.could be:.considered equivalent to con-
tinuous .elements. Levitation elements less than .40 imeters long-would develop

lower stresses.

Table 4-44 gives the minimum material properties for two aluminum-alloys
(Ref. 4-37). The two alloys that were considered demonstrate the tradecffs
that exist between two widely different materials; a high-strength, weldable

alloy (6061-T6), and one with.a.high electrical conductivity (1100-H14).

The results in Table 4-44 demonstrate that 1100-Hl4 alloy will be inade-
quate to support the thermally-induced stresses of the weld joints of contin-
uous elements (B0 m long). Therefore, a higher strength material such as
6061-T6 will be required‘for long segments., TFor the baseline (segmented)-
guideway, the.allowablé stress levels of the parent material will be .realized,
and .in addition, induced stresses will be lower. Therefore, the baseline .sys-
tem should be .constructed from the (electrically) more desirable 1100-H14 alum-

inum with expansion joints approximately every 10 to 40 meters. In .either
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0

:case~—ﬂcontinuouséérssegmented-—wanaa&equate:mangineagainstgcompreséiMeAbuék—
Ting: w1L1”bermalnta1nedrby‘the use ©f -a cone—-meter spac1ng*betweenrattachments.
Since ithe rmaximum texpected ‘compressive rstress :(8l.4 MN/m ) iis conly 50 rpercent
of the calculated telastic :buckliing :stress $I6GIMNIﬁ,J,’amﬁrfficauioncdfzany
initial :eccerntricities iin the flat .aluminum :surfaces during compressive load-
Jiqg"wirl:bejlimitéﬁ. ‘Considering “the :andlysis (of an . initially ‘imperfect :column
te-g., Ref. 4-38ip. 554) .and considering the .analytical .and experimental data
presented in Ref. :4-39 for the LIM;reactionJrail (an .aluminumplate :structure),
laterial.deflectiéntdue.to initial .imperfections is expected to.be limited to
50 'percent of the initial imperfection for ‘the'worst case:of thermal

compression.

(5) Conclusions.and Recommendations. The results demonstrate that a

properly -designed .aluminum levita;ionlelemenr.attached to the:guideway at
discrete points with.axial motion restrained'by limited frictional forces:will
survive the .stresses thermally-induced by an.extreme temperaéure*variation.
Frictional axial restraint is necessary -since "hard" mounting can result in
large unmanageable loads at attachment :points.near the:ends of the:element.

It has been found 'that the levitation.element should be . installed at a tem-
perature near the median of the expected temperature range. As . stated.above,
the .baseline segmented guideway can .be constructed of nearly-pure 1100-type
aluminum alloy, whereas a .continuous guideway ‘will require .a.high-strength
material .such as-6061—T6. A segmented designwith .gaps every 10-40 meters is
recomméﬁaed.from;structural considerations since it 'requires no complicated
load=carrying :mechanical joining ror-welding-of the .aluminum levitation .seg-
ments -along the,léngth,of the :guideway. This system should be more economical
to imstall, and allows the:use of high conductivity aluminum which maximizes
the ‘magnetic performance. Another 'advantage .1s the -greater availability-of
1100-type material in large .production:quantities .due to the.limited .heat-

treat .facilities that are required for the stronger alloys.

D. Effects.of Gaps.and Joints. The:discussion .in Paragraph C .demon-

strated that gaps:or joints . .are required between the sections if 1100-H14
aluminum:alloy is iused. These .gaps give.a .discontinuity in the .eddy currents

as ‘the:magnets:pass .over ‘them:which results in .z momentary loss of liftr. A

4-210



change. in the. fiorce. in the. longitudinal. direction. is. also. experienced. In. the
vicinityrof the:gap. Measurements: have:been taken.in the. Ford: Laboratory- to
estimate the:magnitude: of the:effect, and the. results:evaluated.in terms:of
_ thevehicle: dynamics. and the:operation: of a typical.Revenue.system. The

discussion' of  velifcle: dynamic: response to-gaps,haSabeenzgiveﬂ:inuSecticn-4m3L2.

The. initfal estimates: of the. loss:of lift gave.roughly a: 407 reduction
(peak- value) of 1ift:for a. butt joint. This:was: based.on:simple:calculations
and. inductance: measurements: on. 8. small-scale: magnet coil. and. guideway. The
second. set. of: measurements: was: made- using a. laboratory magnet. in varicus: pos-
ftions: with. respect to:different types:of joints; a:.simple: butt joint, an
"underlay'" joint, and.a.lap joInt. The:second.set. of inductance:measurements
were: performed  using: a. larger - coil (I0-x.25.cm), and both the vertical (loss
of 1ift) and. horizontal. force: perturbations:were: measured. Typical. results
are: shown. in. Figure 4-91 for a.butt joint.and. a lap joint. The:upper  portion
of‘the.figure.indicates.aaloSSaof'iifz.starting;as the: magnet. leading edge
passes the:gap, dropping- to.a maximum.23%. for the:butt joint when the:magnet
center- is: over' the: gap, and: returning to full value:when. the trailing edge:'of
the: magnet. leaves the:gap. The: corresponding: maximum.less:of 1ift. for the lap
Joint. is:only 10%. The. integrated loss in.lift.averaged over  the:magnet: pas-
sage time. is.approximately 18%. for- the.butt joint.and 77 for the. lap joint.
A.similar- phenomenon. is: postulated to be:experienced by the guidance. force.
The: butt joint results: shown.in the. figure» were:used to'evaluate the: effect

of gapss on the velicle: dynamics.

The: lower portion: of* the. figure indicates. a. pulse-effect in the. fore. and
aft direction. First, a. thrust-like:pulse.is: produced. as the. forward:portion
of the:magnet passes: over  the: gap, followed by-a.drag-like: pulse.as the. aft
portioniof the:magnet passes:over the:gap. The:gap between the. aluminum:sheets
acts. as. a1 magnet "'attractor' to produce this.effect. The:peak values: of these
pulses. are approximately- 9%.of the:nominal magnetic.lift for- the:butt joint
and. 3% for  the. lap joint. For comparison, the:nominal drag. force. is.about 3%

of the. lift.force.at.I34 m/s (300:mph).

The: effects. of these. force variations impose very brief shock-type loads

on the:magnets: wlifch. are transmitted threough the various intermal supports: of
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the magnet module and attachment members to the vehicle. Although the overall
vehicle dynamic response to a single gap is small (as shown in Figure 4-43),
the dynamic response of the internal parts cf the magnet to these loads is

important and must be considered in the design. Table 4-45 summarizes the

TABLE 4-45. SUMMARY OF BUTT JOINT-INDUCED LOADINGS FOR
BASELINE REVENUE SYSTEM (Based on Laboratory
Measurements)

Nominal Magnetic Lift {(N/magnet}. . S 91,625 . {20,600 Ib)

Lift and Guidance Puises Due to Gap

8 Pulse Time at 134 m/s (sec) ‘ » 0.023 _

¢ Maximum Change in Lift Force, (N/fnagnet) ' 21,074 ' (-4,738 [b)
& Maximum Change in Guidance Force* {N/magnet) - -7,165 (4,611 1b)
e Maximum Vehicle Vertical Accel (g's) . -0.23

° Averége Vehicle Vertical Accel {g’s) ' -0.18

Thrust/Drag Pulse Due to Gap

¢ Pulse Time, Each Direction at 134 m/s {(sec) 0.012
& Maximum Change in Thrust/Drag Force (N/magnet) +8,063 (+1,8131b)
e Maximum Vehicle Horizontal Accel (g's) +0.088

*Assuming variation in guidance force is the same as the variation in the lift force.

revenue vehiclé loading situation based on the worst-case (bﬁtt joint) curves
of Figure 4-91 for a typical revenue magnet and a velocity of 134 m/s.

Although the values of the forces and accelerations produced by the butt gap
appear to be large, it should be emphasized that the length of the pulse is
very short (v 0.02 sec), and the vehicle — with the exception of the magnet
module itself — hardly responds to the individual shock loads. Also the
results of the laboratory tests must be examined carefully; the initial results
indicated a peak loss of 1ift nearly twice as large (40% vs. the current 23%).
This difference is believed to be due to the small scale of the experiment used
for the initial tests. For this reason, there was a question as to the scale

effect of the experiment, and a third set of inductance measurements were made
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‘for a “larger :coil .of :the -same ‘dimensions .as ‘the ‘Task .Il "Test .System coil (25
% .75 iem).. “These .findl 'measuremerits -confirmed the .results presented .in

Figure 4=91.

.If .the 8hock “loading con the rmagnets «due to :simple thutt “joints -proves :to
be rexcessive, a2 «ifferent ‘type «0of “joint rmay ‘be .required. The rmaximum .loss cof
“Tift “for sthe ‘three 'types «of joints "tested care sshown iin Table 4-46.. <A con-
ssiderable iimprovement iis rseen for ‘the ‘underlay zand 'lap joints, but these
Joints thave the .disadvantage cof being rmore costly :and difficult tto (construct.

Details:of ‘the :force profile for :a.lap *joint :are sshown in Figure 4-91.

PABLE 4-=46. MAXTMUM ILOSS OF LIFTFOR VARIOUS .JOINTS
‘(-aboratory Tests)

LOSSIOFILIFT, '
. ‘ F) | ;
| TYPE©OF . ‘CHARACTERISTIC L
| JOINT CONFIGURATION DIMENSION L FLg| @
| G | i
Butt | — 077 (Fig.4191),
T |
: ¢ tom i oy i
| 1Undeflay jp = il 3 B0emi(120%5* 0:94 :
: T ) il :
; | l——i L —— 153((61%) 0:93 §
g i
; 10 {(40%) (0592 i
i I
5 G %5 (20%) 087 g
|
| ilzap f‘ﬁ ““Q — 45ccmi(18%) (0190 (Fig.4:911)|
b , 3 H
| He—t=—] 210 {(8%) 1089 ;

“fPercentagecdfitestccdiltiength

The jimductance imeasurements were [performed sat one KHz swhich represents
tthe thigh sspeed mresults. 1Two zaddittiondl ifrequencies were wsed tto iindicate tthe
welocity -dependence «of tthese ;pertufbation fforces, zand ithe iresdlts :sHown iin
Tabke /4=47., iThlS ttdble sshows ‘that ithe Jloss «of J1Hft zand tthe longitudingdl force
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TABLE 4-47. VELOCITY DERPENDENCE OF 4.5 CM: [AP- JOINT

.~ REFERENCE A

L (KHZ) | RANGE: _ FPuarzkkz. | Fugknzlg | Fuzkwz |
i 03 Low-Med' 077 : 08 ‘ 0122
: 1,00 i Med:High: 0199  ose 0:06:
, ! F ﬂ :

n 310] | VeryHigh, | T 096 . oos
| | |

ratiioss arie: greater: at. lowr speed,. thus: the: Jows speed! areas: of. the: guidewayr may;
require: speciall joifntss or- perhapss ai continuouss guideways of: Higher: strength.

aluminums.

Ass mentitoned! above:, the: effect. of thie: JToads: must: be: inclTuded] im the.
desipgm and! testingr off the: magnet: module.. Operation:over 1100rtype: segmentedi
aluminumi guidewaysi will. subject: the: magnet. to: the- shock-like: Ioads: on. ai con—
tinucus: basds, therefore. the. fatipue: resistance: of’ tlie: magnet: sitructure: must.
be: verys Higli. Eachimagnet:will. experience: 9 pulses/second at. I34: m/s: for
5,22 mi (507 fi)* gapss. The: Iarge: totiall number: of” pullsess for- a- typical route: is

readilys apparent..

4,552 Guideway’ Design

A.. At-Grades

(L), Introductiom. THe: resulits: off guideways studies: for: adm-cushiiom

velifeTess have: sHown: that: continuously~reinforced: concrete: pavements: (Buch- as:
used: for: Highways: andl airpornt: runwaysd) cani Be: constructed: withh a. surfiace:
sufficientlyr smoothh fiorr the: MAGLEEV appliication.- The: guideways roughness: for
the: Repullstom MAGLEW concept: I'ss establd’shedi Bys the: roughness: off thex underlying:

supportiing: roadbedl agsuming: that! the: aluminum elements: conform: to: the: roadbed:
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irregularities. Therefore, a smooth concrete roadbed is highly desirable (and
desirable even if khe aluminum does not exactly conform to the concrete). An
alternate approachi is to have a rougher roadbed and provide for post-installation
adjustments of the aluminum relative to the roadbed to achieve the desired
smoothness. Design provisions and procedures for adjusting an "L'"-shaped ele-
ment will be complicated and costly; whereas, standard construction methods

for concrete pavements are well developed and relatively low cost. Therefore,

a highway-type continuously-reinforced concrete pavement has been selected as

the baseline roadbed.

(2) Baseline Design. Details of the baseline hat section guideway

supported by a continucusly-reinforced concrete pavement are shown in Fig-
ure 4-92. Typical roadbed cut and fill cross sections based on standard
pfactices for slopes and drainage are illustrated in Figure 4-93. The thick-
ness of the concrete pavement shown in Figure 4-92 is based upon the vehicle
loads on the guide&ay. Vertical loads on the guldeway due to levitation forces
will be well distributed and not eritical, and the possible dynamic interac-
tion between the véhicle and at-grade guideways have beeh shown to be low by
the analyses presented in Refs. 4-40 and 4-41. The controlling design loads
afe those_produced by the landing wheels and the guidance forces. Transverse
bending of the pavément slab was assumed to produce the critical stresses.
Bending loads due to guidance forces are induced in the slab through the

median curb that supports the vertical aluminum guidance surfaces.

The required slaé.thickness has beeﬁ computed to be only 15.2 cm; however,
20,3 cm (S.OVin.) hﬁs been used since this is a standard thickness used in
highway construction. More than adequate fatigue life is predicted for the
20.3-cm~thick slﬁb:subjected to the transverse bending stresses. The lateral
guidance forces can be as high as 80,000 N (18,000 1b) at both the forward
and aft mégnets, and these forces are supported by‘a simple reinforced-
concrete "curb." Détailed sfudies may show a less massive and costly support
for thetlévitation element may be possible, but;the conservative approach has

been used for the'baseline design.
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(3) Guideway :Roughness Characterization. 'The .achievement of an

acceptable ride :quality -for 'a particular suspension system:requires that .con-
struction techniques :and .specifications ibe identified twhich will produce:a
guideway -that .lies \within .an rallowable ssurface .irregularity “tolerance. The
vertical deviations :for at-grade ;guideways can rbe :agsumed ito rbe .random rand

to ‘be characterized by -the :power .spectral -density, & (ﬁ‘)_; «of ithe ‘guideway
elevationwhere sl :is ‘the .reduced #frequency :related to .the wavélkengths cof the
‘surface :deviations by {i:="'2 W/}, where .A :i's -the wavelength. iFnsight :into the
roughness «of concrete .pavemernts "was robtained "by studying ‘the rmeasured :rough~
ness:of ‘highways iand .airport :runways. -Cdlcularionsrof :the:power :spectral
density -frommeasured -data (see iRef.. .4-42 for ‘a csummary) sshow :that the irough-
ness :data ccan -approximately ‘be .represented “by:

2 () = -AmL" 412
'where :A cand 1n ‘are .constants cobtained by f£itting :measured «data. For «this rstudy,
‘a rguideway ~roughness wbijective of A= 715 x 14176_‘76 ‘m=rad ((5.x ;E]IO—:E’ ft-rad) :and
n = 2 thave tbeen :selected. "These -values ccorrespond ito :the sgpecificatrion ifor

‘the ;DOT TUTACV {{now [PTACV)) -guideway iin ;Pueblo.,

(&) Existing ‘Roughness iData. “The ‘following airport irunway -roughness

characterization ;suggested thy ‘Houbolt ((Ref. 4-43) ;provides ra womparison with

ithe ;roughness wobjjective:

A == '-2,.(0-161'.0-‘6 m=rad -;'(i6..';'7z>~i]."0-"6 fr=rad),, m == 2 ffor ""Inew constructiod’
A= (0561610 -marad (208107 Hr-rad)., m-= 2 "needs irepair"

Farly irunway roughness ddata ((Refs. 444 rand 4~45) Hindicate (that ithe iroughness
for most -of :fhe irunways ‘that were measured ;approached ‘the "'ineeds .repair' .con-
‘dition, and cordly cone met the ''new cconstruction' ccondition. ‘Howewer., ixrough-
mess mmeasuremernts of sa srélatiwely mew rrunway -—measured iin 1961 (prior tto
‘being placed iin sservice -— sShowed that it was ssmoother than wthe "inew cconstrucs
‘t'ion" :conditiion cor ‘the dbijective {(see IRef.. 4~46, Runway iB).. In ifact, .this
‘newer "runway 'was imeasured 77 wears [kater sand .found ito thave texperiienced iI'ittle

-change iin iroughness.
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Another comﬁarisoﬁ of interest is the roughness measurement of‘the TACRV
(now TLRV) guideway in Pueblo. Ref. 4-42 shows the TLRV guideway is consider-
ably smoother than the UTACV specification, thus it is smoother than required
for MAGLEV. Roughhess measurements have only conSidered vertical irregularities
with wavelengths?up to about 90 m (~300 ft). For 134 m/s systems, wavelengths
to aboﬁt 300 m.(ilOOQ'ft) will be important from a ride quality standpoint;
therefore, appliéatioﬁ of Equation.4412 infers an extrapolation of existing
data to longer waﬁelengths. Using this extrapolation and the measured rougH—
ness data for aifport runways and the TLRV guideway, it has been determined
that the MAGLEV roughness objective (A =1.50x 10_6 m-rad, n = 2) is achiev-
able with a continuously-reinforced concrete pavement even though all such

existing pavements may not meet this objective.

(5) , Construction Tolerances. The required construction tolerances
have been established by determining the allowable wvariations in the guideway
profile. 1In general, the allowable mean square deviations for wavelengths

less than a given Al’ can be calculated from
Q) do | 4-13

If the roughness is represented by Equation 4-12, Equation 4—13 gives

: -1
/2 x|\ 5=
A 1 2
o= (n-l) ( ZF) 4=14
Houbolt (Ref. 4-43) suggests the maximum deviation, ¢', is\[510.

The allowable deviationms in a distance L can be readily estimated for
any given value of A and n by letting Al = 2L in the relationship for ¢'.

Estimates of tolerances for existing construction methcds have been made

using this equation.

A continuously—reinforced concrete guideway will normally be constructed
with a standard wire-guided slip-form machine used for highway or runway
construction. The expected surface irregularities for this type of construc-

tion can be derived from the following estimated tolerances.
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e Established grade (survey accuracy): +1.27 cm per 1610 m
(+0.5 in. per mile) '

¢ Guidewire location relative to established grade: +0.4 cm
(+0.157 in.) {including sag between supports)

e Paving machine accuracy: +0.318 cm (+0.125 in.)
. -+0.159 cm. (+0.063 in.), with heavy grinding
The total expected variation ih the surface elevation can be assumed to be
equal to the squaré'root of the sum of the squafeé of the tolerances given

above (see Ref. 4-47 for example).

.The expected vériétions based on construction tolerancés and the allow-
able variations derived from the pqwerlépeétral density ﬁbjective are compared
in Figure 4—94,h This figure‘shows-that the_roughﬁess objection can Be,mét for
deviations within lengths of 18 ﬁ (60 ft) or g?eater with heavy grinding, and
within lengths gfeater thah 26 m (85 ff) without grinding. Deviations over

lengths less than the 18 m should not be important for this system.

(6) Highway and Airport Runway Surface Finish Specifications. Since

the study of the capability of standard slip-form construction methods indi-
cates that the roughness objective can-be met, it is of interest to explore
péssible explanationé’of the higher roughness levels measured for many exist-
ing highways and runways. First, the effects of roughness — especially that
due to long wavelength deviations — are much less important at speeds-consid-
erably below 134 m/s. Therefore, little attempt is normally made to control
the long wavelength deviations. The contrél of roughness of new California
highway construction is based on the following specifications (see Ref. 4-48):
(1) "When a straightedge 12-feet long (3.66 m) is laid onrthe finished pave-
ment in a direction parallel‘to the centerline, the surface shall not vary
more tﬁan 0.02 ft (O.6l‘cm) from‘the léwer edge oflthe straightedge," and

(2) "Equipment that produces a finished surface having a2 Profile Index of
seven inches per mile or less for each profile as required hereinafter shall
be used." The Profile Index is determined using a California—type Profilo-
graph which measures the midchord offset for a 7.6 m (25 ft) chord length. A
probabilistic analysis of the profilograph reported by TRW (Ref. 4-42) demon-

strates that the specification of an index of 7.0 in./mile should lead to a
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smoothexr: guideway: than. the: obfective: for: shont: wavelengtlh: irregularities..
However,. ai kinematic: response: analysis: im the TRW report: reveals: that the: pro-
filograph: response: is; considerably attenuated: at: wavelengths: greater: than: 30) m.
(5. 1002 i), Ebrr the: I2-feet: (3665 m): straightedee. test), a+ 0202 £t (0161 cmd
variation. from tle: I'ower: edge: corresponds: tos 0. =: 0L0T. £t. (1.2 em) im: Fig—

ure: 4-9%.. E?i_'"gur-.e% 4-94: predicts:-a: Highway  roughness: somewhat: greater- than the:

Ay == 1.5 x: .'L'Q'f,_ei m-rad: objective: Ff7 the: straightedge. test: i's used: as: the: control..
Therefore;,. ilghways spectficationss will. not. necessarily give: the: required. smooth—
nesss over- efither- short: distances: (v 12z £ft)), ors Tong. di'stancess where: the: pro~

£iTograph. i's: insensitives.

THe: FAAL (Refi.. 4-49)) specifies: the: following: for: atrport: runway’ surfaces:
(') "Vertical deviatiom from establiislied grade: shalli not: exceedi +0).04: foot:
(12 mm)? at: any’ point,'"’ andi (2 "Suxfiace smootliness: deviations: sHalll not. exceed
/4, inchi (65 mm), from: a. I6-foot. (4..88; m) straightedge: placed: im anys ditection

inecluding; placement: along; andi spanning. anys pavement: joint: or- edge.'" Compari-
som of! tlie: BAAL specification. with the: allowable: deviations: given: im. Ei'gure: 4-94

indicates. that: even: runways: will. not: necessarily meet: the: rougliness: objective.

(79 Tiime: Dependent- Effects. A: second! reason: that: existingr concrete

pavement: surflaces: may’ not: meet: the: TMLV/ obijective: is: that: over: Jong; periocds: of
time: the: surfiace: smootlinesss may- degrade: due: to: differential. pavement: motion
causedi by frost: eave: or: eanth settlement. Eigure: 4-49: shows: that: holding: to
the: roughnesss objective: allows: I'#ttTe: degradation: of* the: surface: with: time.

Im fact, vintuallys nos differential. chiangess over: distances: on: the: order- of” 20/ m
(v 60; ££)) cam be: accepted.. Predictiom of: time-dependent. effects: on: guideway
rouglinesss I's: strongly’ site-dependent: andi beyond! the: scope: of” tlits: study. How-
ever.,, as; noted: above, the: measurements: off Runway’ B: in: Ref’.. 4-46 (which: is
smoother: tham the: A: == 1.5 x 1’03_& mrradi objective) proved' that: time: Had:i little
efifect: ont the: roughness: for- this: panticular-case.. TlHerefore;,, postconstruction
differentiall earthn movementis: cam apparently;s Be: di'sregarded: in: some: areas. An
adifustable: guideways desdgn: that: allows: periodic: maintenance: willi Iikely; be

required] tio) compensate: for earthh motionss Im areas: of: poor: solll stability.
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(8) Conclusions. A continuously-reinforced concrete pavement such
as used for highways and airport runways is a desirable and cost-effective
approach for the MAGLEV at-grade guideway. Since highway and runway construc-
tion specifications:Will not necessarily control the surface rOughnéss to the
degree required for the MAGLEV vehicle (especially over distances greater than
30 m), construction specifications must be derived which are consistent with
the allowable surface deviaﬁiqns. The development of an'adjustable guideway
to meet a considerably lower roughness criterion (e.g., A & 1.5 x 10-7 m-rad)
or for use where unSfable soil conditions exist, will require design and con-
struction innovatiohs. Much higher construction and maintenance costs are
likely for an adjustable guidewaj approach. ©On the other hand, very little
cost reduction will be realized by allowing a rougher guideway {(for any con-
ceivable improvemenf in . vehicle suspension system) than that achievable with
current highway andtrunway paving techniques. A higher allowable roughness
would, however, be desirable to allow for time-dependent degradation from the

as—constructed condition.

B. Elevated Guideways

(1) Introduction. A considerable portion of the TMLV guideway within

cities and dehsely populated intercity areas will be elevated to maximize
safety and to minimize conflict with existing transportatién rights-cf-way.
Although 2 smaller percentage of the guideway in rural areas will be elevated,
it is important even there to have innovative, low-cest elevated guideway
designs. The results of conceptual design analyses for the baseline hat-

shaped or wide inverted tee guideway are presented here.

A typical elevéted guideway desigﬁ_is illustrated in Figure 4-95. Simply-
supported prestressed concrete box beam girders are supported by periodic pier
structures. Sliding joints at one end of each‘girder provide for differential
thermal expansion, and pinned joints at the other end transmit longitudinal
loads from the girders to the piers. Two L-shaped:aluminum levitation elements

are attached to the upper surface of each girder.

The elevated guideway must support the various vehicle and environmentally-
induced loads and also provide a smooth surface to support and guide the vehicle

without producing an unacceptable ride.' The primary excitation of a vehicle
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by ami elevatedi guidewayr Iis; periodie: fm nature: andi results: from tle: deflectiom
oft the: girderns: Betweem the: supporting; pierss. The: effects: of. random: gufdeways
Irregularities: cém be: minimized: by tlie: adjustment: off the: girder posiitions: om
tHe: supporting: R:fe—ns; during; installation.. Ekclitatlon: frequencies; for- a: velificle:
traveding: at- 134 m//s: range: fei:omfzjl;'.,.l;":- Hz. to> 82.85 Hz: for: girder: spans: of: 15222 m.

(50 ££)1 to- 3044 me (100 £T),. nes;;g'e'ct:i:uei'yy'... A allowable: velifele: verticall accel--
eratiom of’ 0205 gz rms: Has: beem assumed. for: the: 4. 4 Hz- to: 8.8} Hz: range,,, and: the
elevétedl g-u:i.‘d'eway}’ girderss Have: been: designed: such‘-.\t-'li‘a-‘tﬁ' the: predicted; static

andi dynamtc: deflecttons: will Iimit- the: velilicle: vertical. response: to> tliliss value.,

Span. lengths: ofl 15 to; 30) meters: have: been considered. SimiTar- designs:
couldi Be: used: for: somewhat: llongey spans;,, but: the: negotiationyof: riverss or:
otler: natural. barriers: usuallys requires: verys long: spans: (greater: tham 455 meters)

of: unique: design.. The: studys of: long: spans: i'ss Beyond: the: scope: off thifs: effort:.

Simply~supported: guideway spans: hiave: Beem as-szuinedt for- this: analysdss.
Static: stiffnesssiand strength: considerations: suggest: tﬁét'. continuous: beams:
(Beams: allowing: Bending: moment- transfier: from span-to-span); would: be: more: efifi—-
clent: thani simply-supported: beams. However, tlie: dynamic. response: cliaracteriis-

-ticss ofi continuous: beamss cani be: much: more: severe: than- tHose: of’ simply-supported
beams;. and,. in. fact, cam be: great enough: to> ovenshadow: the: gain. im static: stiff-
nessy and strength. Also,, fabrication: costs: for: a. con‘t‘inuous+5e'amt elevated
guidewayr will. I'ikely, Be: hiigher than. for the: simply-supported’ case. Therefore;
nos clear: advantage cam Be: discerned: for: continuous: beams: that: outweigh- the

added: analysis: complexity that: s° required:

(2). -Prévious. Studies. Manys analytical. andi design: studfess off elevated.

guideways: have: beem: performed. and: reported: in: the. I'iterature, primarilys for
airscushion vehicles: (Refls.. 4-50. through 4-62).. Since. the: requirementss forc a-
repulsion: MAGLEV/ elevated: guideway’ design: are: quite: similar- to: those: for- air-
cuslifon: vehiiclesy—- the: velifeTe: parameterns: beding: thie: primary: difiference: — a
studys of’ the: ¢ited: referencess was: made: im order- to> utilize: applifcable: extstiing
analytical. approaclhes: and! results:,. Many: off the: exi'sting: studiess are: purelyr
anaiyticall developments: leading: to) computernizedi numeritcal: solutions: off the:
resuliting: equations: off motiom (Refs.. §-56 thirough: 4-62)).. Severall ofi tle: early:

studies: (Refisn. 4=53;, 454, andi 4-55) consideredi guideways designs: based! upom
N :
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static :deflection .and leoading criteria. .In some:.cases, viable :designswere
‘evolved "based .upon ‘the :requiremernts ;established "hy the .analysis. .A.limited
-amount -of -‘data:exist that éé;n'aly_t:':cal'ly ~demenstrate predicted ride ‘quality -over
-actual -guideway -designs {Refs. -4=50, 4=51, :and -4-52). Both .Refs. 4=50 cand
‘4-61 :show "that -continuous :spans ‘give .a degraded -ride quality compared to -a

simply-supported -span of "the ;same :cross section.

(3) ‘Vertical gS'.tf:L/fgr‘ress ;Requirements .and Véhicle .Dynamic .Loading.

Structural :requirements have .been «derived ito .allow ‘the (guideway -subcontractor
‘(Gardan (Co.."} to develop guideway -span rdesigns. A  prediction of worst-=case
‘dynamic :response :has ‘been imade to:allow:a preliminary ‘bending stiffness require-
“ment ito ‘be cestdblished, based .upon .the:desired wehic¢le .ride quality. "The
"worst=case ibending :moment :is .dlso «computed :so that ‘the .structural capability
wcan tbe jpredicted. A dynamic sandlysis of the 'resulting :spandesigns thas (demon-

sstrated (the cconservatismwof ‘these ;predictions.

In'itidlily, the :results «of ithe vehicle/guideway .dynamie “interaction istud-
ires ;performed by Ch'iu, 'Smith, and Wormley at ‘MIT (Refs. :4~59 :and /4<60) “were
cconsidered for sapplifcation ito ‘the ipresent ssystem. :This - analytical .modél
wconsists of a :single~degree-of-<freedom vehicke wcoupled to .a :simply—=supported
¢elevated ;guideway span by ra parallel limear :spring :and viscous «damper.. .For
the weéh'idke cexcitation frequencies of Hinterest (3% 33 !Hz ffor sspans lkess ithan
{75 imeters),, ‘the thase€line IMAGEEV ccontrdl ':sgy;s.t-emIm:‘urﬁ'im‘:l:ze:s ithe refifects of irela-
iive ddampiing tbut mnot tthe effects of :absdlute damping. IThexrefore, ‘the :MIT
eandly.gis -—wiitth codly mrélkatiive ddamping -— willll iproduce toverly rconservative

:resulrs ffor tthe tbas€liine ssystem zand Thiigher s;guideway «ceosts than inecessary.

$Since ;r—:ev-":‘ss?i:on 70f whe MIT :andlysits ito ‘reflect ithe tbaseline suspension
ccharacreristics was lbeyond ithe sscope «of £he sstudy, ca simpler, tbut sadequate
capproach thas theen ddeviised. ZAs mnoted jin "Ref.. /4<63 and :élisewhere, conly :a weak
ccoupliing cexists thetween tthe wéhicdle sand :guideway jin tthe tcase where :d1lowable
welitcte sacedkerations are rsmalil (< 0.05 g).. Ride cqudlity :requirements T'imit
zallowablle wéh'icdle :acc€leratiions tto zabout 0705 ;g irms; tthercfore, ithe fforce cof
(the weéhicle con tthe sguideway can :be sassumed itc “be :a cconstant ‘445 kN {0100.,/000 1Ib)
ttraversing tthe sspan :at :a ceconstarnt sspeed {(note the ffiindl ibaseline weéhiclke
weidighit iis corily 366,55 kN). The rresuylting cdynamic rspan (defilection «can tbe wused

zas zan sinput tto tthe ~wehiicle motion :andlysis’ ito detrermine :xide cqualiity..

4=227



Thé single-degree-of-freedom heave-motion model illustrated in Figure 4-96
has been used to estimate the allowable dynamic deflection of the span in terms
of the allowable ?ehicle acceleration. The éSSumption of a deflected shape of
the guideway allows the maximum guideway deflection to be calculated from the
vehicle equation of motion. Typical results are also shown in Figure 4-96. An
allowable peak vehicle acceleration of onlyIO.OZ g has been uséd to compensate
for unconservative features of the simple analytical model. The resulting
allowable dynamic: deflection has been used tc determine the required span bend-
ing stiffness, assuming the front and rear magnets give two constant-pressure
loads traversing Ehe span at a constant speed. Wilson (Ref. 4-61)has developed
a computer prograﬁ to solve the moving pressure problem and has shown typical
results of dynamig response calculations. One case is given in Figure 4-97,
where tﬁe maximum;dynamic-response—induced deflection and bending moment are
given in terms of the non-dimensional vehicle speed, Ql/Pl. The required bend-
ing stiffness and maximum bending moment responses have been estimated from
the results of Wiison and the allowable dynamic deflection given in Figure 4-96.
Figure 4-87 also outlines the procedure for the above analysis and tabulates

the results.

(&) GuiéewaZ¥Loading. The analysis of elevated guideways must include

the bending moments induced by the vehicle as well as other types of vehicle
loads. A list of the applicable load factors is given in Table 4-48, The
loads are divided into three groups: (1) normal cperating, (2) special con-
ditions, and (3) emergency conditions. In the majority of cases, the ''mormal
operating' loads will exist as the vehicle traverses the elevated guideway at
134 m/s. The ”spgcial conditions' loading shown in Table 4-48 will exist
infrequently on the major portion of the guideway, but frequently near switches
and terminals., Sﬁecial designs may be necessary for these low-speed areas.
Emergency landing:loads should occur only at rare intervals. The guideway
should be designed to a higher allowable stress for the less frequent loading
conditions, consiétent-with good civil engineering practice. Realistie com-

bined loading cases are also tabulated in Table 4-48.

Longitudinal 'loads on the guldeway will be imparted by magnetic drag,
braking forces, and some types of propulsive systems. (A fan-powered or air

prepulsion vehiclé will not impart propulsive forces tc the guideway.) The
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‘TABLE 4-48. GUIDEWAY LOAD FACTORS

FOR A 445 KN {100,000 LB) VEHICLE

‘DIRECTION
LOADINGICONDITION JLONGITUDINAL (X) ‘LATERAL’(Y) VERTICAL {Z) -
BO)] ‘NetrPropdlsivélDrag-For.l:as -0.022 (Fan:Power){1) 0 Q
g ] :8ti134:m/s {300'mph} +0:054 (LIMPower)(2)
VT )
222 @ ehicieDynamiciLoads 0 -+0.05 1.1102:75(3)
il {Acting 16:22m
oL Aft:gfiVeh:Nose)
Zron o . . . ;
6™ |.@ ‘High:Speed. Banked Curve 0 +0:348 0
g {Acting 16:22m
l Aft-ofWeh/Nose)
@ °Net-Propulsive/Drag Forces -+0.078 [Fan Power}(2) 0 0
. at:30-m/s (67 mph) +0.0027 (L1MPower) (2}
_;;z .| ® :Operatianal Accaleration/ +0:15 (LIM Power: Only) a 0
2! Deceleration.Loads
—'_P =
O o] -
2o (®) Wheels:Down Landing 0 Assume 15
""8 | (D :26:8 'm/s (60'mph) 0 +0:1814) 0
’ Crosswind(3 {Acting8:2m
{Load-on Vehicle) Aft of.Veh Noss)
Emergency Landing, . 0.4 Max 1] Assume 2.0
Wheels.Down {Whesl Brakes)
Normal.Qperating
Conditions
On:Straight Guideway +0.022 (Fan Power) +0.05 1.1 1027513
+ @ +0.054 (LIM Power) {Acting 16:22m
0 Aftof:Veh Noss)
2 o )
9-Qi|&| OnCurved Guideway +0.022 (Fan. Power) +0.398 111027503
- =t + @+ @ +0.054 (LIM:Pawér) (Acting 16:22m
a-. o Aft of :Veh Noss)
i
@1 | Special.Conditions:
-
8‘ On-Straight: Gundewav 0.0790 {Fan Power) +0:23 1.1 t0:2:75(3)
@+@D+Q+Q@ 0:204 (LIM-Power) {Acting:9:94m
@D+ Q@+ @ + @ Aft ofiVeh:Nose)
On Curved Goideway -0.0790 (Fan. Power) +0578 1.1 t0:2.75(3)
+@ + B+ @ + 0204 [LIM:Power) {Acting13.7m
+ @D +®+ @+ Aft-of.Veh'Nose)
‘NOTES:
A Netiforce:transmitted .toiguideway-toisustain vehicle at:134 'm/s (300:mph). Includes:23.9:kN: (5367i1b)-of.aerodynamic drag
and:9:79:kN' {2200 Ib): of: magnetic drag.
{2}

Net-force:transmitted to.guideway to.sustain.vshicle at:30-m/s.{(67 mph).
35.0kN. {7869 '1b):of magnetic drag. ‘

Includes 1.2 kN (270b):of aerodynamic.drag-and

(3)Venio:aliguidsway,lloadszare'raffected',bv'the.dvnamic‘ interactions.between the guideway.'and high-speed.vehicle.. A loadrfactor
of 1.1 issadequate:for.at-grade guideways. For:elevated guideways, design'bending moments have been canservatively predicted

. and-are-presanted in:pravious-figure,

(@ Load on wehicle:due-to:26;8-m/s (60 mph):crosswind. Additional wind. load directly on the guideway ‘must:be. considered for
guideway structural;analysis. .The.guideway ‘must-also be designed to withstand:a 44.7 m/s (100 -mph)-crosswindwithout.the

vehicle.
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higher longitudinal loads listed in the table for '"special conditions’ are due
to increased magﬁetic drag at low speed and accelération/deceleratipn forces.

It has been assumed that a maximum longitudinal deceleration ferce of 0.4 g
could be exerted on the guideway by wheel braking in an emergency landing.

This is conservaﬁive since most, if not all, of the emergency braking is planned

to be done with aerodynamic panels and an emergency parachute.

Vehicle guidance forces and crosswinds will produce the primary lateral
loads on the guideway. In addition, 1dads due to the centrifugal acceleration
of the vehicle must be accounted for on high-speed banked curves, and a maxi-
mum lateral acceleration of 0.05 g has been used. Crosswinds during vehicle
operation were assumed not to exceed 26.8 m/s (60 mph). Support of the wind
loads on the elevated guideway and support cf the earthquake loads have been
analyzed based oﬁ the standards of the American Association of State Highway
Cfficials.

The vertical lecads produced by wheels—-down landings must also be consid-
ered. A landing gear design has been assumed that will limit vertical accel-
erations to 1.5 g during normal deceleration and landing, and 2.0 g during

a high-speed emergency landing.

(5) Preliminary Span Designs. Prestressed concrete girder cross

sections have been designed by the Cardan Co., for three span lengths based
on the preliminafy span requirements given in Figure 4-97. Two span designs
— a twin-T configuration and a box beam — have been identified as the leading
contenders. The twin-T beam is somewhat more eccnomical, but has the disad-
vantages of being more susceptible to creep and having more camber due tec the
prestress and other manufacturing processes. Further discussion of these two

designs is given below.

The first step in the analysis was to develop preliminary girder designs.
The midspan dynamic response of the preliminary designs was evaluated using
the computer code‘developed by Wilson (Ref. 4-61). According to Wilson, the
midspan' response #s a good approximation of the maximum respense along the
span. The calculated midspan response for the complete speed range is plotted
in Figures 4-98 and 4-99. In all cases, the results show that the calculated
response 1s less than the predicted allowable response defined by Figures 4-96

and 4-97, TFigures 4-98 and 4-99 also show that dynamic effects for the speed
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range: of interest-will be.greatest: for the:shorter spans. Such. a:result. appears
tos be: due to' the. fact that  the superposition: effects: of the. front. and rear
levitation. forces. are larger for short spans. The:same effect canibe:seen. in
Figure 4-97 where Wilson's caleulations give almost equal dynamic. bending: moments
for 15.2°'m.and 22.9-mispans, even though.static:calculations: would. show'a, large

difference.

Wilson!s: dynamic. response’ computer- program was' modified to. automate the
calculation.and plotting cof. girder deflections:below the.levitation: coils. as
the  vehicle traverses the:span. Predicted deflections for the preliminary
design.of the 22.8 m (75 ft) twin-T girder are.shown.in.Figure 4-100:and 4-101
for the front and: rear levitation coils, respectively. The  predicted deflec-
tions have. somewhat. dIfferent. shapes than:originally assumed (Figure 4-96), but
the amplitudes.are considerably lower than the. initial predicted allowazble.
The: results. shown. in. Efgures: 4-100. and. 4-101 were:used. in. Section: 4.3.2D to

evaluate the wveliicle. response to:periodic guideways.

(6) FEinal.Elevated Span.Designs. The.final structural design:of the

girders included the.analysis' of the:effects.of the vehicle. loads: given. by
Table 4-48 and the consideration:of other envinonmeﬁ&al effects. The:resulting
girder designs are:presented. in Table-4-49. These:designs.should.be conserva-
tive- based on thezpreliminary»dynamic_nesponse:calculations. Details. of the
22.8m (75 ft) pnestnessedi;oncretezgirdensaare.iILuStnatEdiin.FigUEESs4-IO2
and- 4-103. for the twin-T and. box:designs, respectively. A.composite:steel/
concrete: girder- was- also designed to:have. aicost comparisoniwith the: pre-

stressed concrete: girders. This girder- ¥'s' shown. in. Figure- 4-104.

Appropriate pier and footing substructures: were designed to:support the
elevated guideway. A typical design is given. in. Figure- 4-105. Alternate
piers: have: pinned. girder attachments: to support. longitudinal. guideway loads.
The remaining- piers (shown.in.Eigure-4-105, by' the- dashed. lines) have.a
smaller, rectangular cross sectioniand.a. sliding, givder attachment. This:allows
for thermal expansion.but provides:no: support. for longitudinal.loads. Two
footing designs, spread and pile, have.been. Investigated to:determine the
effect.of soil conditions:on.construction. cast. The:pile. footing will, of

course, be.required: in.areas: of poor  soil.conditions.
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(7) Girder Deflections and Ride Quality (Final Designs). The evalua-

tion of the vehicle ride quality of different girder designs requires the con-
sideration of static deflections and camber.developed in the prestressed beams
as well as the dynamic deflection. Table 4-50 lists the expected midspan
deflections for the 22.8 m (75 ft) girders given in Table 4-49. Downward
(negative) deflections result from the dead and dynamic loads; whereas, upward
(positive) deflections are produced by the prestressing loads, creep deforma-
tions, and thermal distoration. The thermal distortion prediction of Table 4-50
is based on the assumption that the top surface of the girder is 15°C hotter
than the lower surface. The dynamic deflections for the final 22.8 m girder
design have been determined in the same manner as for the preliminary designs
discussed in the previcus paragraph. Figures 4-106 and 4-107 give the complete

deflection histories for the final 22.8 m twin-T design.

Some compensation for girder deflection can be achieved by constructing
the concrete girders with a built-in camber. However, due to analytical limita-
tions in predicting precamber requirements, construction tolerances, and mate-
»rial property variations, the desired postconstruction camber can only be
expected to be obtained within some tolerance, As a guideline, the Prestressed
Concrete Manufacturers Association (PCMAC) has suggested the maximum deviation
from the installed mean camber objective should be assumed to be +0.318 cm pex
3.05 m of span length (+0.125 in., per 10 ft). This tolerance is believed to be
conservative because less uncertainty should exist after several girders of a

particular design are designed, built and measured.

An example of the expected midspan deflection for the 22.8 m twin-T girder
with a built-in precamber of -1.9 cm (downward) is given in Table 4-51. The
range of possible girder deflections below the front levitation magnet of the
vehicle is shown in Figure 4-108. The results of this figure include all the
static and dynamic sources in Table 4-50 for the 22.8 m twin-T design. A pre-
liminary vehicle ride quality calculation assuming only dynamic deflections
resulted in the estimation of the maximum vertical acceleration of a vehicle
of 0.055 g, very close to the objective of 0.05 g. This is based on the 22,8 m

twin~T girder and the total predicted deflections in Figure 4-108,
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TABLE 4-51. TOTAL MIDSPAN DEFLECTIONS FOR 23 M (75 FT) TWIN-T

GIRDER WITH ORDINARY PRESTRESS
(-1.9 CM BUILT-IN PRECAMBER)

RANGE OF
LOADING CONDITION MIDSPAN
AGE OF STATIC STATIC AND STATIC, DYNAMIC DEFLECTION
BEAM ONLY pyYnNAamic(T) AND THERMAL(2) {cm)

Short Term X .3.1 to 1.6(3}
{~28 Days X 3.7t 13
after Fab) X 3.01t0 2.0
X 1651035
Long Term X 21t029
X 1410 3.6

(’”Dynamic loads for a vehicle speed of 134 m/s.
(2) Thermal loads based on a top surface 15°C hotter than lower surface.

(3)For this condition, the range of deflection is derived as follows: The nominal deflection of -0.6 ¢m is
obtained by summing the dead load, the built-in camber, the prestress camber, and the short-term
creep. The tolerance of +2.5 cm is the recommended PCMAC maximum deviation.

It is desirable from a ride quality standpeint to reduce the girder rough-

ness to a minimum, and the following alternatives exist for improving the

guideway roughness:

The girders can be prestressed more uniformly than normal to
virtually eliminate the uncertain prestress camber and creep
deformations (Ref. 4-53). Uniform prestress requires greater
prestressing lecads and could be implemented more efficiently

for the box girder design rather than the more economical twin-T
girder,

Combine prestress with post—tension. Prestress to about 75%

of the required load, and post-tension at installation so that
the final camber adjustment can be made after some of the creep
deformations have taken place.

Add a concrete topping to the girders after installation and
after much of the creep deformations have taken place.
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¢ Provide for post-installation adjustments of the aluminum
levitation/guidance elements relative to the concrete girders.

o Install the aluminum levitation/guidance elements on aged girders;
shim the aluminum relative to the girders to previde a smooth
surface; and pressure grout any resulting voids hetween the
aluminum and concrete.
The first option appears to be the most practical, and estimates have been made

to show the cost increases involved with uniform prestress. The baseline

design that was selected is the box beam with uniform prestress.

(8) Comparison With Other Work. A comparison has been made between

the MAGLEV girder desigp and those derived for tracked air-cushien vehicles.
This comparison is summarized in Table 4-52. The early Aeroglide study listed
at the top of the table did not consider vehicle dynamics, and the spans were
designed to highway standards. This fesulted in a relatively lightweight, “
- flexible span., Tracked Hovercraf£ Ltd., and Grumman derived heavier and less
flexible span designs when the dynamic interéction of the high-speed vehicle
and the guideway was considered;"The MAGLEV wvehicle has ‘a low vehicle nétural
frequency in heave (0.6 Hz)'andia minimum relative damping which results in a
girder design which is relatively'flexible compared to the Grumman TACRV

(now TLRV) design and the TRW/ABAM design for the TACV.

A further point of interest is shown in the last column of Table 4-52 for
the TRW/ABAM elevated spaﬁ designé for the UTACV‘(now‘PTACV). Vehicle response
caleulations were made for identical girder desigﬁs assuming simply-supported
spans in one case and continuous spaﬁs in another case. The ride quality for
a vehicle with a suspension‘heave'frequency of 2.0 Hz was shown to be degraded
by using a continuous Beam design. Alsmall imﬁrovameﬁt in the ride quality
for a continucus beam design was predicted for a velicle with a softened sus-—
pension (1.0 Hz). The conﬁlusion'is‘thatfa continuous beam system 1s not
a priori a better solution to_the‘elevated guideﬁéy problem even though TRW
showed a cost advantage (based upon the static deflection consideratioms in
Reference 4-55). Since continuous-beam elevated gﬁideways have other potential
advantages such as the elimination of gaps at each support pler, a careful
study of contihuous beam systems, including the evaluation of dynamic effects,
fabrication methods, and overall construction economics, is recommended for

future work.
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4.5.3 Switching
The requirements and conditions that have been used in evaluating pcten-—
tial switching concepts are summarized below:

® The switch must be passive and failsafe, i.e., there should be no
moving parts associated with the guideway.

) The through-traffic should be able to pass the switch at normal
cruising velocity (134 m/s in lightly-populated areas).

] The switch should be simple.

¢ High-speed switching (= 45 m/s or 100 mph) is impractical due to
the turn radii required and cther design considerations such as
problems of moving the magnets relative to the wvehicle.
The latter restraint has resulted in the selection of a nominal switching speed
of 30 m/s (67 mph). Since this is approximately the lift-off speed, wheels can
be employed; therefore the decision has been made to use the loading wheels as
the onboard switching mechanism. A discussion of the design of the landing/

switching wheels is given in Sectiom 4.2.7B.

The baseline switching system meets all of the requirements, and is simply
two Inclined ramps outboard of the normal guideway. The wheels onboard the
vehicle are extended out and down until they contact these inclined ramps thus
moving the vehicle up on the elevated switch. Figure 4-109 is an artist's
conception of the switch in a greatly foreshortened view. The ramps have a
gradual grade change so that the vehicles can make the transition to and from
the main guideway without exceeding the ride quality requirements. Once back
on the main guideway the vehicle will be at, or quickly reach, the 1lift-off

speed, and the wheels will be retracted back into the vehicle.

The baseline switch has no moving parts, and should have maximum safety
since there is no loss of guidance for through-traffic. Failure to extend
the wheels simply means the vehicle safely passes the switch on the through-
guideway with full guidance forces. Another possible failure mode is inad-
vertent extension of the wheels of a high-speed through-vehicle just before
the switch is reached, but thils is analogous to an airplane lowering its land-
ing wheels prematurely; i.e.,, the chances should be very remote that this
will occur. A dynamic pressure-actuated linkage will be provided to prevent

this.
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SWITCHING RAMVP

HAT-SHAPED GUIDEWAY

FIGURE 4-109. ARTISTS' DRAWING OF TERMINAL AREA AND BASELINE SWITCHING CONCEPT



The baseline switch is ideal for a vehicle propelled by a turbine-driven
ducted fan since the switch will not affect its operation. The use of an
electric motor-driven fan propulsion is complicated by the problem of switch-
ing thé power pick-up. This will probably require two pick-ups, one on each
side of the vehicle; one (say, the left) will be used for normal travel
including through-traffic. The auxiliary or right-side pick-up will be
extended and used upon entrance to the switch as the left one is disconnected.
The reverse procedure will be used upon transition from the switching ramp to

the main guideway.

The baseline overhead-type of switch may not be acceptable for SLIM, LSM,
and paddle wheel driven vehicles because they will suffer a loss of power
during switching as the vehicles move up and away from the guideway. This
could be overcome by providing a secondary low-speed drive system through
the wheels via rotary electric motors, but it may prove to be more desirable
to use an at-grade switch for these types of propulsion systems. A concep-
tual design for an at-grade guldeway is shown in Figure 4-110. This alter-
nate approach uses a guide trail type of design similar to that used on
several existing people-movers. All vehicles approaching the switch extend
one of two onboard guide wheels, the left one for straight-through traffie,
or the right guide wheel for switching to the right (see Figure 4-110). The
disadvantages of this type of switch are obvious — first, through-traffic must
extend a guide wheel in order to maintain guidance through the switch since the
vertical aluminum surfaces normally used for lateral guidance are not present.
Failure to do so would mean loss of contrel and the possibility of impacting
the guideway or other objects. Second, through-traffic will be required to
traverse the switch at reduced speed to assure a smeoth transition with the
guide rail, thereby penalizing the block speed. One advantage of the at-grade
switch is that the landing wheels would only be required to extend down (not
laterally), thereby simplifying the landing wheel design. However, the vehicle

design would not be greatly simplified due to the addition of the guide wheels.,

The at-grade switching concept in Figure 4-110 is shown with the baseline
hat-shaped guideway. However, it will ﬁrobably be more advantageous to use a

U-channel guideway for SLIM and LSM, and have the SLIM rail or the LSM windings
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down the center of the guideway. This will allow these systems to provide pro-
pulsion power through the at-grade switch, except, perhaps for a very short
region where the roadbed propulsion rails or windings for the switching leg

cross cover the aluminum levitatien surface.

4.5.4 Wayside Power Pick-up

Electrical power pick-up will be required for the superconducting rotary
electric motor-driven fan or the SLIM propulsion systems. The pick-up can be
of two basic approaches (Ref. 4-1): mechanical contact such as used on the
TLRV or the more advanced contactless system. No studies have been made to
determine which type will be the best for Repulsion MAGLEV, however it appears
that both have a number of fundamental problems that require investigation,
i.e.:

] The problem of switching the pick-up needs study. The appreach

discussed in the previous paragraph of having a separate pick-up
for switching adds considerable complications to the system design.
The system developed by Garrett for TLRV cannot be used in its

present form without some means of releasing the captured pick-up
at the same time the auxiliary pick-up is being engaged.

¢ The problem of arcing and proper power pick-up under all
types of conditions and speeds must be solved and a design
demonstrated.

® The problem of excessive wear of a mechanical contact pick-up
must be solved before a practical solution is assured.

s Potential aerodynamic problems need to be investigated further.
The overall force the pick-up exerts on the vehicle must be
determined. ‘

. The noise of the system must be studied to determine its contri-
bution to the overall noise level.

e The potential problem of electromagnetic interference (EMI) of
the arc on the onboard and nearby communications systems must be
investigated.

The superconducting electric motor-driven fan propulsion requires DC, and

it is likely that switching DC may be simpler than for AC, primarily due to

one less conductor.
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4.5.5 Communicatiéns and Control

A detailed stﬁdy of the communications and control system for the guide-
way is beyoﬁd the scope of this study, however consideration has been given
to the types of equipment needed to assure safety and schedule. Safety assur-
ance comprises the‘functions of: (1) foreign object detection; (2) deleter-
ious weather detectipn (e.g., excessive crosswinds); (3) detection of unsafe
vehicle location spacing, closure rates and corrective action; and {4) detec-

tion of wayside equipment failures and corrective action.

Schedule control involves the routing, switching, and in-transit monitor-
ing and control of the system traffic. These functions are implemented by a
three-tier hierarchy of equipment. The first level consists of guideway-
mounted equipment. It comprises safety and schedule control sensors and the
requisitefcabling and communication facilities to tie into the next level

plus facilities to permit communication with vehicles enroute.

Wayside station equipment comprises the second tier. The elements needed
are, first, communications repeaters with local access to the network. Second,
safety equipment is needed to activate and monitor the guideway-mounted
sensors plus facilities to detect unsafe conditions. and initiate corrective
action. Third, schedule control computer facilities are ﬁeeded to analyze
the route block status based upon inputs from guideway sensors and the vehicles

in the block, and to initiate control instruction to these vehicles.

The central control facilities of the system comprise the third tier of
wayside equipment., ' The central system computer, display and control consoles
are located at this level. This egquipment ties into wayside statioms énd the
individuai vehicles via digital data and voice links bullt into the guideways.
It also interfaces with the commercial telephone net for access to the outside
world and to pfovidé alternate (back-up) digital and voice communications
channels to the wayside stations. These facilities provide the means to monitor
and control the total system traffic for both safety and scheduling purposes.
Additional commgnications channels are, provided to handle passenger service

information to and from the individual vehicles and the ocutside world.
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All of the technology tc mechanize the wayside complex currently exists
except for an adequate means of foreign object detection. A system capable
of detecting objects with a vertical dimension of greater than 5 to 10 centi-
meters on the horizontal portions of the guideway is needed. Also, it is
desirable to detect any foreign objects on the vertical members of the guide-
way. It is likely that this preblem must be handled by a combination of
instrumentation, security fencing, passivation of the wayside environment to
prevent natural generation of foreign objects, and manual cobservation of the

guideways.

4.5.6 Right-of-Way

A, Width Requirements. The minimum width requirements for the at-grade

guideway is defined by the maximum of either:

© The distance required for noise requirements or safety, currently
estimated at a minimum of 15.2 m (50 ft) from the centerline
of the guideway, i.e., a total width of 36.6 m (120 ft) for a
dual guideway.

. Or the distance required by ﬁhe cuts and fills to meke a level
guideway through the terrain.
The latter requirement will be the contrelling factor in many cases. Fig-
ure 4-111 is a plot of the distance from the centerline of the right-cf-way
versus the depth of the fill or cut for the typical 2:1 slecpes used for the
earth embankments or cuts (see Section 4.5.2A). The results show that a fill
greater than 5.6 m (18.4 ft), or a cut greater than 3.2 m (10.5 ft), will

exceed the current minimum sound and safety ROW of 36.6 m,

The edge of the ROW will be fenced for security purposes, and may have

a single-lanéfroad on each side for use by maintenance vehicles.

The right-of-way for eievated portions of the guideway will be determined
primarily by the noise requirements. Safety should not be such an important
factor due to the relative inaccessibility of the guideway. Preliminary esti-
mates indicate the ROW for elevated sections in industrial areas may be as '
narrow as 22.9 m (75 ft) increasing to roughly 30.5 to 36.6 m (100 to 120 ft),
or more, in residential areas; The final values will'depend on the véhiéle

speed, the sound level generated by all sources, and the noise requirements.
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B. Curve Radii and Transition Requirements. The requirements for guide-

way superelevation, vehicle bank limits, and speed are discussed in Sec-

tion 3.2.2F. For any speed, a 24.6° bank angle and the specified 0.08 g
lateral acceleration limit define the minimum radius turn. However, this max-
imum bank angle is impractical for a vehicle that does not have the capability
of rolling the cabin with respect to the undercarriage, and a value of 10°
guideway bank has been selected. The turn radius vs. vehicle speed for the
two bank angles is shown in Figure 4-112. (This curve was originally given in

Ref. 4-64.) The term "coordinated turn' is one with no lateral acceleration.

The minimum turn radius is one which subjects the passengers to 0.08 in
the outward direction, however, some margin must be maintained in case the
vehicle exceeds the design speed. Note from Figure 4-112 that the allowable
variation in vehicle speed for a 10° bank angle is much greater than for 24.6°.
Using 10° as the nominal guideway bank angle, the minimum turn radius for a
speed of 134 m/s (300 mph) is approximately 7.6 km (25,000 ft). Even larger
radii are required for a transition to a grade change (vertical curvature).
These large horizontal and vertical radii will require careful selection of
the roadbed site in order to minimize the right-of-way requirements and the

amount of earthwork required.

Transition to a horizontal or vertical radius of curvature will consist of
a cubic or spiral secticn so as not to exceed the jerk requirements. These
transition sections will be approximately 670-800 m long (2200-2600 ft) or
greater for cruise conditions (Ref. 4-64). Additional discussion of transition

and grade requirements is given in Section 4.3.2.
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SECTION 5
SYSTEM ANALYSIS

This section summarizes the results of a system analysis conducted as part
of the Task 1 TMLV effort. The primary objective of this analysis is to estab-
lish a simple economic model for preliminary evaluation of MAGLEV systems
employing the Repulsion principle. Major system parameters are identified and

traded off on the basis of cost and/or performance.
5.1 SYSTEM MODEL

A corridor-type system is selected to facilitate performance analysis.
The route characteristics are derived from those of the Northeast and California
corridors as given in Ref. 5-1. The vehicle and guideway characteristics are

derived from the data presented in preceding sections of this report,

Detailed cost data for the suspension subsystem and guideway construction

are given in Section 6.

Cost data for all vehicle subsystems, including propulsion, are derived on
this preogram and summarized in this section. United Aircraft Research Labora-
tories contributed cost data in support of this effort. Cost data for the

remaining elements of the system are derived from Refs. 5-1, 5-2, and 5-3.
5.2 ROUTE CHARACTERISTICS

A 750 km (466 mi.) linear, double track system is selected as described in
Section 3. For computation of vehicle performance during intra-city operation,
it is assumed that deceleration, switching, station dwell and acceleration take
place as described in Section 4.4 for the baseline Ducted Fan/Gas Turbine
vehicle. Between the cities, 10% of the route (75 km) is assumed to be at 2%
grade with a headwind of 13.4 m/s (30 mph), with the remainder of the inter-

¢ity distance corresponding to level, no-wind operation at cruise speed.
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5,2.1 Transit Performance

Figure 5-1 shéws the influence of the number of equidistant, intermediate
stops (Ni) on average speed and elapsed transit time (T) for the baseline
80-~seat vehicle at a cruise speed of 134 m/s (300 mph). Figure 5-2 shows the
transit time as a function of cruise speed, for both N; =0 (the express case)
as well as N; = 5. For all analyses reported in subsequent paragraphs of this
report, fhe baseline mission profile corresponds‘to the case where Ni =5, For
this profile, the transit time is 120 min. and the average speed is 104 m/s
(233 mph). ” |

5.2.2 System Capacity

The appropriate capacity equations for operation 16 hr/day, on a double-

track at 60% load factor are as follows:

A, Number of'Passenger-km Per Year, Npxy

W = 30154 x 108 N /0 5-1
where Ng. = Némber of Seats/Train = Ney ¥ Non
Ny = Ngmber of Seats/Vehicle
Nyp = Number of Vehicles/Train
At = Héadway, Min.

B. Number of Passengers Per hour, Npy

Npy = 7; NST/At 5-2

C. Number of Passengers Per Year, Npy

- 5 | )
Npy 47205 x 107 Ngo/ bt 5-13
D. Number of Vehicles Requifed, Ny
’ -9 /N
N, =2 t/At = 6.341 x 1070 [NPKY 54
Y NSV

where T = Time to Transit 750 km, min.

Figure 5-3 shows the influence of headway and train size on passenger
capacity and offers a number of interesting observations. For example, the
headway limit sets the maximum capacity of the system and is determined by

safety considerations. Safety considerations are, in turn, influenced by
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switch operations, deceleration capability, station dwell time and overall
system reaction/communication time. If a high-speed switch is employed, i.e.,
where a vehicle does not slow down to transit off the main line, the minimum
headway limit is essentially determined by the distance required to come to a
stop in order to avoid collision with an obstacle (or another vehicle) on the
track. For 0.15 g deceleration from 134 m/s, this distance is 6,115 km

(3.8 mi), corresponding to 45.6 sec (0.76 min.) separation between vehicles at

134 m/s and neglecting system reaction time.

If a low-speed switch is employed, i.e., where a vehicle must decelerate
at 0.15 g to engage the switch, the required separation distance for the
trailing vehicle increases to 9.79 km (6,08 mi) corresponding to 73 sec
(1.22 wmin.) spacing at 134 m/s. The station dwell time, however, is estimated
to be 120 sec (2 min.) to allow for passenger loading/unloading. It is thus
unlikely that the headway will be less than two minutes, in which case there
appears to be no advantage of a high-speed switch from the standpoint of capac-
ity., Of course, actual operation will probably entail a mix of express and
local vehicles, requiring a more complex analysis than the simple example given
here. For system analysis purposes, however, it is assumed herein that minimum
headway for 134 m/s operation is two minutes.

At this headway and a load factor of 60%, the system with 80-seat vehicles
can handle 2880 passengers per hour (2-way operation) corresponding to 16.82 x 106
passengers per year and 1.262 x 1010 passenger~km per year, The system with
140-gseat vehicles comes closest to meeting NEC projections, because it can handle
5040 passengers per hour at 607 load factor, corresponding to 29.43 x 106 pas-
sengers per year and 2,21 x 1010 passenger-km per year, As shown in subsequent
paragraphs, the larger vehicle offers gignificant reduction in cost per

passenger-km {as well as reduced energy intensity as shown in Section 4.2),

For headways larger than two minutes, or for peak capacities above 5040
passengers per hour, it will be necessary to couple at least two vehicles
together, As shown in Section 4.4, this results in a more favorable energy
intensity; however the consequences to the dynamic interaction between coaches

are unknown at this time.
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Figure 5-4 shows the influence of passenger handling capacity, headway
and vehicle size on the number of vehicles required in the system. Note that
120 vehicles are required for two minute headway. Figure 5-5 shows the influ-
ence of cruise speed on the number of 80-seat vehicles required. It is obvious
that oné significént advantage of a high-speed system is the substantial reduc~
tion in the number of vehicles required. ~ Figure 5-6 shows the added capacity

associated with coupling vehicles together.
5.3 VEHICLE/GUIDEWAY CHARACTERISTICS

Baéeline vehicle physical characteristics are given in Section 4. 1In
Sectiocn 4.2, a matrix of vehicles is synthesized to determine the influence
of seating arrangement and capacity (from 80 to 140 seats) on energy intensity;
"all vehicles have}the Ducted Fan/Gas Turbine propulsion system and operate at
134 m/s.cruise speed over the baseline 750 km route. TFor systems analysis
purposes, only the minimum energy design points from this matrix are considered.
Vehiclelphysical parameters for these design points are given in Table 5-1,
Table 5-1 also shéws the amount of gas turbine (JP). fuel consumed and the
associated energy?intensity for the baseline route, Table 5-2 presents a weight

breakout of the major vehicle components for the aforementioned vehicles.

5.3.1 Variable Cruise Speed Vehicles

To ascertain, the influence of cruise speed on system performance and cost,
additional syntheses were carried cut for the 80- and l40-seat configurations.
At each cruise speed, the propulsion system was sized to provide approximately
the same rate of acceleration as achieved with the 134 m/s system. Fan diameter
was held constantjand the propulsive efficiency calculated and compared with
134 m/s figures. .Propulsive efficiency, gross weight, fuel weight consumed,
and energy intensity are given in Table 5-3 as a function of cruise speed.

Note that more detailed analysis will be required to optimize the propulsion
system at speeds substantially different from 134 m/s., This will undoubtedly
entail Qarying fan diameter and performing tradeoffs relative to noise genera-
tion, studies beyond the scope of this effort, WNevertheless, the approximate
technique used hefe is.probably representative and certainly more realistic

than analyses based only on steady-state conditions.
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TABLE 5-1. VEHICLE PHYSICAL PARAMETERS

NO. SEATS/VEHICLE

(1)

PARAMETER 80 100 120 140
SEATING ARRANGEMENT 2+2 2+3 2+3 2+3
HEIGHT (M) 3.454 3.454 3.454 3.454
WIDTH (M) 2.94 3.454 3.454 3.454
LENGTH (M) | 33.67 33.6 39.1 429
FUEL WEIGHTI{2} (kN) 29.7 33.4 37.6 39.3
ENERGY INTENSITY (SE_A“%W) 2.18 1.96 1.84 1.65
(MEQR 134.1 M/S (300 MPH) CRUISE VELOCITY
(2)coNSUMED PER 750 KM, 5 INTERMEDIATE STOP TRANSIT

: ()

TABLE 5-2. VECHICLE WEIGHT BREAKOUT

' NO. SEATS/VEHICLE '

SYSTEM 80 100 120 140
SUSPENSION 66.8 kN 68.2 kN 70.9 kN 73.4 kN
STRUCTURE(2) 53.4 41.8 51.9 59.9
FURNISHINGS 24.5 30.5 36.8 42.4
AUXILIARIES 21 26.2 315 36.7
PAYLOAD 71 89.9 109.9 129.7
BRAKES 20.2 213 23.9 259
propuLsion (3! 80.6 87.1 94.1 100
oTHERW 29 29 29 29
GROSS WEIGHT 366.5 kN 394.0 kN 448.0 kN 497.0 kN

{1'eoR 134 M/S (300 MPH) CRUISE VELOCGITY

(Z)STRUCTURE WEIGHT [S LEAST FOR 100 SEAT VEHICLE DUE TO INCREASED STIFFNESS OF
WIDER CROSS SECTION {SEE SECTION 4.2.6)

(3)|NCLUDES FUELWEIGHT WITH 15 PERCENT RESERVE
(4} NCLUDES CREW COMPT AT 15.6 kN AND CONTINGENCY AT 13.4 kN
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5.3,2 Magnetic Performance

Levitation and guidance is achieved with at least four® superconducting
magnets at fore and aft stations on the vehicle. At 134 m/s these magnets
suspend the vehicle approximately 0.5 m above the aluminum guideway elements
arranged in the baseline hat-shape, as a U-channel, or some other possible

configuration.

The achievable magnetic lift-drag ratio is shown in Figure 5-7 as a2 func-
tion of épeed and the type of aluminum used. The 90° corner results are com-
pared with those of the infinite plate, showing that: (1) the requirement for
guidance introduces significant increase in magnétic drag, and (2) the use of
nearly pure (1100-H4) aluminum offers significant decrease in drag compared
with an alloy (6061-T6), On this basis, it is concluded that the guideway
should be carefully designed to permit the use of pure aluminum, particularly
since it is no more expensive®¥ than the alloy in quantity use. In view of the
thermal stress problems with the pure material, it is necessary that transverse
gaps be provided to permit expénsion and contraction of the aluminum plates.

(See Sections 4.3 and 4,5 for detailed discussion of gap effects).

Figures 5-8, 5-9, and 5-10 present additional performance data oﬁ the

effect of magnet dimensions and aluminum plate thickness on lift-drag ratio.

It is clear from these figures that the 0.5 x 3 m magnet configuration offers
good performance, as does the 2.54 cm (1 inch) aluminum plate thickness. Cost
tradeoffs on plate thickness are given in subsequent paragraphs. The resultant
drag/speed curves are given in Section 4.4; the combination of aerodynamic drag
and magnetic drag is unique to the Repulsion Concept and clearly shows that
repulsion 1is not well suited for low-speed operations, e.g., below ~ 60 m/s
(134 mpH). The drag curves also show that for single vehicle operation, aero-

dynamic drag is much larger than magnetic drag despite the presumption of a

*As pointed out in Section 4-3, eight magnets are used, primarily for redun-
dancy; each pair, however, is arranged so that performance is essentially
equal to a single magnet of twice the length.

**%According to Kaiser Aluminum, the mass of aluminum required (~ 3 x 10 kg)
for a 750 km double track system is such that the cold-worked pure material
would be cheaper and more readily available than the heat-treated alloy
because of heat treatment facility limitations.
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fairly "clean” vehicle configuration. Thus, in order to'reduce the overall
energy consumption of the system, major effort should be expended in reducing

aerodynamic drag.
5.4 COST ANALYSIS

A simplified cost model is devised, based primarily on the approach and
data given in Ref. 5-1 and 5-2. A semi-government typé of corporation is
envisioned to acquire and run the system; this conveniently permits the ques-
tion of taxation to be ignored. As in Ref. 5-1, the uvseful life of the guide-
way and facilities is assumed to be 25 years, the vehicle's life to be 14 years,
and capital is assumed acquired at a 10% interest rate. All cost elements are

reduced to cents per passenger-km to facilitate comparative analysis.

5.4.1 Generalized Cost Data

Costs are identified in three broad categories: (1) Investment Costs {(IC),
(2) Direct Operating Costs (DOC) and (3) Indirect‘Operating Costs (IOC). The
Investment Costs consist of the guideway (including land acquisition, guideway
construction, route preparationm, guidewéy equipment® and electrification, where
appropriate), the vehicles, and facilities (including yards, shops, terminals,
and communications equipment). The DOC consists of fuel, crew, and maintenance
(both vehicle and guideway maintenance) costs as.well as terminal operations
costs. The IOC are those 1ncurred in pr0v1d1ng serv1ces but not dlrectly related
to vehicle operation, Refs. 5- l and 5-3 differ 51gn1f1cantly on the magnitude of
these costs, particularly as to the influence of intercity dlstance, for this
analysis, IOC are assumed ¢onstant at ~ 0.5¢/passenger-km. All other system

costs are identified below.

A. Investment Costs (IC)

(1) Guideway-Related

a. Land Acquisition. Average land acquisition costs. for both

the Northeast and Callfornla corridors' are given in Ref. 5 1. After adjusting
these data for rlght of -way w1dth (from 61 m to 47 m) and 1974 dollars, the

appropriate figures are as follows.

*Foreign object detection equipment, communications, trip identification
loop, etc.



e Northeast corridor ~ $58,000/acre

e California corridor ~ $15,000/acre

An average cost of $30,000/acre is assumed for the baseline route used in this

report.

b. At-Grade Guideway. The basic hat-shape configuration at-

grade guideway cost is broken out in Table 5-4, Total cost with 2,54 cm thick
aluminum levitation-guidance elements is estimated at $2,024,000/km
($3,257,000/mi), exclusive of the special equipment and/or electrification
presented below in paragraph f. Detailed back-up of the basic at-grade guide-

way cost is given in Section 6.

c. Elevated Guideway. The basic hat-shape configuration ele-

vated guideway cost is broken out in Table 5-5., Total cost with the 31.5 m
right-of-way is $3,676,000/km ($5,916,000/mi) with spread footings and
83,964,000/km ($6,379,000/mi) with pile footings. The girders are fabricated
of prestressed concrete in the twin-T shape® and the aluminum levitation-
guidance elements are 2.54 cm thick. Detailed backup of the basic elevated

guideway cost is given in Section 6,

d. Bridges and Tunnels. Ref. 5-1 is the basis for cost estimates

on bridges and tunnels. With adjustment for 1974 dollars, the figures are:

® Bridges ~ $7,840,000/km (double track)
e Tunnels ~ $23,000,000/km (double tube)

Note that the bridge figure includes land acquisition costs.

e. Overall Guideway Mix. The guideway mix is assumed the same

as that for the NEC, as given in Ref., 5-1, consisting of 1% bridges, 4% tunnels,
16% elevated and 79% at-grade. As shown in Table 5-6, the basic guideway total
cost exclusive of‘special equipment and/or electrification is $2,409,330,000
for an average cost of $3.21 x 100/lm ($5.17 x 106/mile). '

f. Other Costs. It is assumed that a foreign object detection
system, communication equipment, a tripbidentification 1bop system, and mis-~

cellaneous equipment such as anemometers are provided, at a cost of

*If uniform prestress is necessary for camber control, the box beam shape
is preferred,
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TABLE 5-4. ESTIMATED AT-GRADE GUIDEWAY COST

DOUBLE TRACK

$103/KM

LEVITATION-GUIDANCE COMPONENTS 962
s ALUMINUM . 506.3
e SHOP FAB 101.4
e ATTACH HARDWARE 126.6
e FIELD INSTALLATION v 2227

ROADBED CONSTRUCTION , o ‘ . 348
» CONCRETE PAVING 54.8
e MEDIAN CONCRETE CURB 141.0
e EXPBOLTS ) 26.2
e STEEL REINF. 64.2
e BASE 8.0
e SUB-BASE 18.0
e ASPHALT _ 19.4
e FILL 16.4

SECURITY FENCING 37

DRAINAGE ' _ 87

SUB-TOTAL GUIDEWAY FAB $ 1,434

ROUTE PREPARATION 230

e MAXIMUM DEPTH OF CUT =6 M
e EXCAVATION, ETC §$3/YD

LAND ACQUISITION o ’ 360

s 47 M RIGHT-OF-WAY
e 12 ACRES/KM
e $30.000/ACRE

TOTAL COST $2,024,000/KM

NOTE: GUIDEWAY-INSTALLED EQUIPMENT AND WAYSIDE COMMUNICATION
STATIONS ARE EXCLUDED. '
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TABLE 5-5. ESTIMATED ELEVATED GUIDEWAY COST

DOUBLE TRACK
LEVITATION—GUlDANCE COMPONENTS
e ALUMINUM - 506.3
e SHOP FAB 101.4
¢ ATTACH HARDWARE 126.6
. 2277

FIELD INSTALLATION
GIRDER AND SUBSTRUCTURE CONSTRUCTION (TWIN “T*)

e GIRDERS (22.8 M SPAN LENGTH}
¢ PIER (6.85 M COLUMN HEIGHT)
¢ FOOTING (SPREAD FOOTING - PILE FOOTING)

SUBTOTAL, GUIDEWAY FAB

LAND
ALT NO.1
o RIGHT-OF-WAY WIDTH 1M
# RIGHT-OF-WAY AREA 3.7 ACRE/KM
$30K/ACRE

o COST ASSUMPTION

TOTAL COST (THOUSANDS OF 3/KM)

2050 -
212
217-505

ALT NO.2

315 M
7.8 ACRE/KM
$30K/ACRE

ALT NO.1
ALT NO.2

TABLE5 6. COSTS OF BASIC GUIDEWAY

{750 KM CORRIDOR)

$103/KM

962

2480-2770

3442-3730

111-234

3553-3841
3676-3964

PERCENT OF LENGTH
COMPONENT TOTAL LENGTH (KM) UNIT COST, $103  TOTAL COST, $106
BRIDGES" l 1 8 7,840 62.72
TUNNELS \ 4 .30 23,000 690.00
ELEVATED 8 60 3,676 220.56
{(SPREAD FOOTING)
ELEVATED | 8 60 3,964 237.84
(PILE FOOTING)
AT GRADE | 79 592 2,024 1,198.21
| TOTAL $2,409,330,000
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$140,000/km ($225,300/mi)., Total guideway cost, Cg, for the Ducted Fan/Gas
Turbine system is thus $3.35 x 106/km ($5.39 x 106/mi). For electric propul-

sion systems (LIM and REM), the electrification costs from Ref., 5-4 are:

e Power Rail o $497,000/1m
e Power Station
With Wayside PCU i 93,000
Without Wayside PCU 37,000
® Reaction Rail 311,000

From Ref. 5-5 the following cost estimates (including installation) are made

for the LSM propulsion concept:

e Conductors and Attach Hardware $900,000/km
e Fixed Equipment 180,000/ km
@ Variable Equipment 234,000/ km

The fixed equipment refers to 115 kV and 34.5 kV transmission systems. The
variable equipment includes power distribution stations, PCUs, transformers,
capacitors, circuit breakers, etc.; the quoted figures correspond to 2.5 km
winding length, which Ref. 5-5 states to be the cheapest overall system cost

arrangement,

(2) Facilitiegs, Facilities costs are estimated from Ref. 5-1,
adjusted for 1974 dollars and the 7-city baseline route assumed for this study.

The figures are as follows:

® Yards and Shops § 54.4 x 106
Storage, Service Shops, &4 @ $13 x 108
Major Overhaul Shop, 1 @ $2.4 x 108
® Terminals 1424
Underground 2 @ $37 x 106
Downtown, 3 @ $15.6 x 10°
Suburban, 2 G $10.8 x 106
& Communications 18.9
Central Computer, 1 @ $14 x 10°
Wayside Stations, 7 @ $700 x 103
TOTAL FACILITIES, C $215.7 x 106

fa
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(3) Vehicles. Table 5-7 presents a cost break-out of a set of
vehicles for 80- to l40-seat capacity, all synthesized* for a cruise speed of
134 m/s. Table 5vé shows the coét break-out for the 80-seat vehicle synthe-
sized* at cruise speeds from SOmm/s to 150 m/s. Table 5-9 shows similar data

for the 140-seat vehicle. The costs (in $103) are determined by the following

equations:
® Propulsion - 25.8 Wpr -=29.7 W¢
® Suspension 99 + Q.1061 Wg
e Structure 2.809 Wg
e Furnishings 5.714 WFURN
® Auxiliaries 1.19 Waux
¢ Brakes 20.27 + 0.1935 W,

The weight parameters in kN, are as follows:

n

Total propulsion system weight, including fuel

PR
Wf = Fuel weight consumed
wg = Vehicle gross-weight
Ws = Structure weight
WFURN = Furnishings we;ght
wAUX'= Auxiliaries weight

The propulsion costs are for the baseline Ducted Fan/Cas Turbine system. For

the other propulsion systems considered, the onboard cost estimates (80-seat

vehicle) are as follows:

e Fan/REM §1,450,000
Fan $500,000
REM 950,000
e SLIM 900,000
e LSM | 868,000
‘e Paddle Wheel/GT 1,500,000
Turbines $700,000
Paddle Wheels 3800, 000

For the REM, LSM, and Paddle Wheel Systems, the added cryogenic subsystem cost
is included with the cryogenic portion of the magnetic suspension system, The

cryogenic part of the magnetic suspension for the SLIM tug is treated similarly.

*Weight and other physical parameters of these vehicles are given in
Section 5-3. -
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TABLE5-7. VEHICLE COST AT 134 M/S

(COST IN $103)

NO. SEATS/VEHICLE

SUBSYSTEM 80 100 120 140
SUSPENSION 138 141 146 152
STRUCTURE 150 117 146 168
FURNISHINGS 140 174 210 242
AUXILIARIES 25 31 | 37 a4
BRAKES 91 96 107 117
PROPULSION(1) 1,200 ° 1,256 1,310 1,357
OTHER{2) 572 572 572 572
TOTAL (THOUSANDS OF $} 2,316 - 2,387 2528 2,652

{”DUCTED FAN/GAS TURBINE, EXCLUDING FUEL COST

(Z}INCLUDES RIDE CONTROLV AT $272, COMMUNICATIONS AT $70, ASSEMBLY AND
CHECK OUT AT $230

TABLE 5-8. 80 SEAT VECHICLE' COSTS AT VARIABLE CRUSE SPEED

{COST IN $103)

CRUISE SPEED, M/S

SUBSYSTEM 50 60 80 100 120 134 150
SUSPENSION 135, 134 134 135 136 138 140
STRUCTURE 143 141 140 142 146 150 156
BRAKES 86 85 84 85 88 ' 91 95
PROPULSION(2} 849 841 856 934 1,063 1,200 1,399
OTHER({3} . 737 737 737 737 737 737 737
TOTAL 1,950 1,938 1,951 2,033 2,170 2,316 2527

{THOUSANDS OF $)

(242 SEATING ARRANGEMENT
‘2)5UCTED FAN/GAS TURBINE, EXCLUDING FUEL COST

{slINCLUDES FURNISHINGS AT $140, AUXILIARIES AT $25, RIDE CONTROL AT $272,
COMMUNICATIONS AT $70, ASSEMBLY AND CHECK-OUT AT $230
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(1)

TABLE 5-9. 140 SEAT VEHICLE COST AT VARIABLE CRUISE SPEED
: {COST IN $103)
CRUISE SPEED, M/S
SUBSYSTEM 50" 60 80 100 120 134 150
SUSPENSION 148 147 147 148 149 152 154
STRUCTURE - 160 157 156 158 163 168 175
BRAKES R 110 108 108 109 112 117 121
PROPULSION{2) 921 903 926 1,011 1,184 1,357 1575
OTHER(3) asé 858 858 858 858 858 858
TOTAL : 2,197 2,173 2,195 2,284 2,466 2,652 2883
(THOUSANDS OF $) :
(1)243 SEATING ARRANGEMENT
2)puCTED FAN/GAS TURBINE, EXCLUDING FUEL COST
(3)\NCLUDES FURNISHINGS AT $242, AUXILIARIES AT $44, RIDE CONTROL AT $272,
COMMUNICATIONS AT $70, ASSEMBLY AND CHECKOUT AT $230
TABLE 5-10. MAGLEV SYSTEM INVESTMENT COSTS
(COST IN $106)
NO. OF SEATS/VEHICLE
Nsy, = 80 Nsy, = 140
GUIDEWAY 25143 25143
e BASIC GUIDEWAY. 2409.3
e GUIDEWAY EQUIPMENT 105
FACILITIES 215.7 215.7
e YARDS AND SHOPS 54.4
o TERMINALS ‘ 142.4
e COMMUNICATIONS 18.9
VEHICLES (138, INCL SPARES) 319.6 366
e 80-SEAT VEHICLES AT 2.316
o 140-SEAT VEHICLES AT 2.652
TOTAL $3050 X 106 $3006 X 106
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{4) Summary - Investment Costs., Table 5-10 summarizes the invest-

ment costs for the 80- and 140-seat systems with the Ducted Fan/Gas Turbine
propulsion option. The dominant aspects of the guideway are clearly evident.

The annualized investment costs {(principal plus interest payment) are as

follows:
N, = 80 N, = 140
e Guideway $277.1 x 106 $277.1 x 106
e Tacilities 23.8 23.8
e Vehicles 43,4 49.7
Total  $344.3 x 106 $350.6 x 109

B, Direct Operating Costs (DOC). The following direct operating costs

are estimated.
(1) Fuel. JP fuel cost is treated as a variable with minimum

estimated to be 5.3¢/liter (20¢/gal.)

(2) Crew. Two crewmen and one cabin attendant are assumed, at a

burdened rate of $20/hr.

(3) Maintenance. Annual vehicle maintenance is estimated as 10% of
the initial cost of the vehicle., Maintenance of the basic guideway is estimated
at $7000/km. TFor the electric propulsion options, annual guideway electrical

maintenance is estimated at $20,000/im.

(4) Terminal Operations. Annual operating cost of each of the seven

terminals is estimated at $500,000,

+ (5) Summarv - DOC. Annual direct operdting costs for the 80-seat

and 140-seat configurations with fuel at 5.3¢/liter (20¢/gal) and two minute

headway operation are:

(Cost in $10%)

NSV.: 80 'NSV = 140
e Fuel TR 196,74
e Crew 42.05 42,05
® Vehicle Maintenance 27.79 31.83
@ Guideway Maintenance 5.25 5.25
© Terminal QOperations 3.50 3.50
Total Annual DOC 148,33 . 179,37
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It is clear from these figures that fuel costs are the dominant share (~ 50%)
of the direct operating costs of the system. It is also apparent that the
140-seat configuration is significantly better than the 80-seat configuration
(20% increase in DOC for 75% increase in capacity) provided, of course, the

increased passenger capacity can be utilized.

C, ' Summary - Total System Costs. Total annual system costs are as

follows:

(Cost in $106)

NSV = 80 NSV = 140
e Investment 344.3 350.6
s DOC 148.33 179.37
e 10C (0.5¢/passenger-km) _éé;l_ 110.5
Total 555.73 640.47

These costs are also for fuel at 5.3¢/liter (20¢/gal) and with two minute head-
way operation. Note that the specific costs, i.e., ¢/passenger-kmg for the

two vehicle configurations are:

o . 80-seats (Np, = 1.262 x 1010y ~ 4.4¢/passenger-km

e 140-seats (N_.. = 2.21 x 1010 ) ~ 2,9¢/passenger-km

PKY
If the fuel cost is 10.6¢/liter (AOQ/gal), the annual system cost for the
80-seat configuration would increase to $625.47 x 106 or 4;96¢/paésenger-km,
and the cost of the 140-seat configuration system would be $737.21 x 106 or
3.33¢/Paésenger—km.

The following paragraphs present detailed tradeoffs of various system

parameters, using specific cost as the tradeoff criteria.

5.4.,2 Cost/Performance Tradeoffs

The material presented in the following paragraphs constitutes a prelim-
inary cost analysis of the various MAGLEV system elements. The objective is
to permit general:comparisons and to make preliminary judgments regarding

certain system design parameters.
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A, Specific Cost Equations. Specific costs, in ¢/passenger-km are:

(1) Guideway

8265 C 2.62 x 1072 ¢ At
R e Nov Nyr
where Cg = Guideway cost, $/km
{2) Facilities
11.02 ¢ 3.49 x 100 ¢, 4
o = fa _ fa
fa Npky Yoy Nyr
where Cfa = Facilities cost, $
(3) Vehicles
9.895 x 1078 ¢,
Q‘ —3
v NSV
where Cv = Vehicle cost, §
(4) TFuel®
CW
@, = 0.281 ﬁi—ﬁ
sV
where Cf = Fuel cost, ¢/ltr
wf = Fuel weight consumed, kN
(5) Crew .
_ 0,222 7
Cc NSV
(6) Vehicle Maintenance
6.341 x 1078 c T
a =
v NSV
{7) Guideway Maintenance
75000 C 2.378 x 10°% ¢ &¢
o = = _&m
gm Npxy Noy Nyp

where Cgm = Guideway maintenance cost, $/km

5-6

5-7

5-8

5-9

5-10

5-11

*For electric propulsion, ap =‘O.135 VCE, where Cg = ¢/ kW-hr and ¥ = Energy

Intensity, MJ/seat-km,
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- (8) Terminal Operations

_3.5x%10° _ 1.11 A

TO - N N

S 5-12
PKY Sv VT

(o3

For IOC = 0.5¢/passenger-km, C = $215.7 x 106 and NVT = 1 (single vehicle

fa
operation), Equations 5-5 through 5-12 are summarized to give:’

®(TOTAL) = 0.5 + —=— {at [2.62 x 107°¢_+ 2.378 x 10™%c__ + 8.646]
. Nsy 8 gm
+ 7[1.623 x 10770, +0.222] + 0.281 c v 5-13
where At = Héadway, min,
T = Time to transmit 750 km route
NSV = Mumber of seats per vehicle L

B. Baseline Ducted Fan/Gas Turbine Option. For the baseline system,

$3.35 x 10°/1m

L
«
]

°
\$
[

$7.0 x 103/km

and Equation 5-13 feduces to

&(TOTAL) =0.5 + Ef;- 98,08 At + v [1.6236 x 107/

C + 0.222] + 0.281 C
sV v

Mg
5-14

Equation 5-14 is the basis for the cost tradeoffs presented in the following

paragraphs.

(1) System Cost Breakouts. Figure 5-11 shows total system specific

cost for the 80- and 140-seat configurations as well as for a train set con-
sisting of three 100-seat vehicles. The influence of vehicle size, train size,
and headway limit is also shown in Figure 5-12.,% These figures show clearly
that high passenger capacity is the key to low specific cost. However, for a
fixed level of passenger-km/year, .the specific cost is nearly invariant with
vehicle size as shown in Figure 5-12. If there is sufficient demand to run a

MAGLEV HSGT system:with headways on the order to two to three minutes, the

*Minimum energy seating is used in this figure,
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FIGURE 5-12. EFFECT OF VEHICLE SIZE
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IhO-seattvehicles would be recommended, with provision for coupling at least
two vehicles together to handle peak loads. Under such circumstances, system
cost would be on the order of 3¢/passenger-km (4.8¢/passenger;mile) even with

fuel on the order of ll¢/liter (41¢/gal).,

Figures 5-13 and 5-14 show cost breakouts for the 80-seat configuration.
Clearly, investment costs (primarily the guidewaf) dominate the cost picture,
except at very high system capacity. Note further that the facilities and
terminal operations costs - at the two minute headway limit - are quite small,

i.e., less than 0.4¢/passenger-km (0.64¢/passenger-mile).

(2) Parameter Tradeoffs. A major parameter is the cost of fuel.

Figure 5-15 shows the substantial effect of fuel cost on system cost for both

the 80- and 140-seat configurations operating with twoe minute headway at

134 m/s cruise speed. However, even for fuel as costly as 30¢/liter ($1.13/gal),
system cost for the 140-seat configuration is below 5¢/passenger-lkm (8¢/passenger-
mile) with single vehicle operation, and below #4¢/passenger-km (6.4¢/passenger-

mile) for dual vehicle operation.

Figure 5-16 shows the influence of aluminum plate thickness on system cost.
To generate these data, a matrix of vehicles was synthesized and costed for
operation over the aluminum guideway surfaces with plate thicknesses in the
range of 1 to 3.5 cm.* System cost is nearly invariant with plate thickness
except at very high fuel cost (above l6¢/liter). "Optimum'" plate Ehickness

is at or below 2.54 c¢m (1 inch) for a reasonable range of fuel cost.

Figure 5-17 shows the influence of cruise speed on system cost for both
80- and 140-seat configurations and for a range of fuel cost. '"Optimum'" or
minimum cost cruise speed is approximately 110 m/s (246 mph) for fuel costing
5.3¢/liter (20¢/gal), dropping off slightly at higher fuel cost. However,
the cost variatio# with speed is quite small - about 5% between the optimum
speed and 134 m/s - for fuel costing about 12¢/liter (45¢/gal) or less. 1In
view of uncertainty in the future cost of energy and its relationship to
other syétem components, e,g. aluminum, as well as the difficulty of quanti-

fying the benefit of speed, it is difficult at this time to specify a true

#*Plate thickness influences drag and propulsion power and weight; the vehicle
must then be redesigned to accommodate the changed propulsion system weight.
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"optimum' cruise speed. From the data at hand, it is our judgement that the

optimum cruise speed would be in excess of 110 m/s (246 mph).

Figure 5-18 shows the influence of the route characteristics on total
system cost. Between the extremes of no intermediate stops (the express case)
and the 5 intermediate stop baseline route, the total cost variation is approx-
imately 6%. The fuel expended for acceleration away from each city is a sig-
nificant part of the total fuel consumption, particularly for large vehicles
and/or numerous st?ps. However, with relatively cheap fuel the effect on total

system cost is quife small, as shown in Figure 5-18,

C. Alternate:System Comparison. Section 4.4 presents data on a number
of propulsion systems applicable to MAGLEV, including the baseline Ducted
Fan/Gas Turbine syﬁtem. Eighty-seat vehicles are synthesized for each propul-
sion option to facilitate system comparison; comparative weight breakouts are
shown in Table 5-11, The LSM vehicle is clearly the heavies;, due primarily to
the large number of cryogenically-cooled superconducting magnets required for
propulsion. Corresponding costs for these vehicles are shown in Table 5-12.
Vehicle costs vary:from approximately $2 x 106 to $2.6 x 10%; however, some of
the cost elements are very approximate at this time. For example, there is no
valid base for estimating either the paddle wheel cost or the cost of the super-

conducting motor,

Table 5-13 summarizes the guideway cost for each propulsion concept. All
concepts employ the basic hat-shaped guideway configuration. For the LSM con-

cept, Ref. 5-5 data indicates a cost of $1,280,000/km for the conductors, after
adjustment for 1974 dollars, whereas the $320,000 value listed in the table

results from an increase in the number of vehicle LSM magnets and a corre-
sponding reduction: in the required guideway current. An optimizaticn of
LSM performance was not attempted.

Total system #osts for .the various 80-seat configuration are shown in
Table 5-14; costs for the 140-seat configurations are shown for comparison.
Operation is assumed at two minute headways for 16 hr/day over the baseline
750 km route with five intermediate stops. Conservative figures for energy

cost are employed, i.e., 10.6¢/liter (40¢/gal) for JP fuel and 3¢/kw-hr for



electricity. ‘For the 80-seat system, total cost varies about l¢/passenger-km
{(~ 20%) for the range of propulsion systems studied; the variation is due pri-
marily to variations in guideway cost. The total cost for the l40-seat system
varies only about 0.4¢/passenger-km (~ 12%) since the increased capacity (from
1.262 x 1010 passenger-km/yr to 2,21 x 1010 passenger-km/yr) reduces the

influence of guideway cost variations.

5

o L =750 KM

o Cf =5.3¢/LTR (20¢ /GAL) \
4\—

Nsy = 140

TOTAL SYSTEM COST, a (¢/PASSR - KM)

5 | L 1 |
0] 1 2 3 4 5
NO. EQUIDISTANT, INTERMEDIATE STOPS, N;

FIGURE 5-18. EFFECT OF MISSION PROFILE
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TABLE 5-12. COMPARATIVE 80-SEAT VEHICLE COST
(Ve =134.1 M/S)
FAN/ PADDLE
SUBSYSTEM FAN/GT REM sLimi1) LSM WHEEL/GT| =
LEV-GUlDé MAGNETS + HARDWARE  $102 X 103 98 100(2) 112 101
CRYOGENICS 36 40(6) a0(6) 55(6} 50(6)
RIDE CONTROL 272 272 272 272 272 _
STRUCTURE 150 140 149(5) 178 148
FURNISHINGS(3) 140 140 140 140 140 -
AUXILIARIES(4) 25 25 25 50 25
WHEELS, BRAKES 91 85 87 110 90
PROPULSION 1,200 1,450 9000 868 1,500
COMMUNICATIONS 70 70 70 70 70 J‘f_;ﬁ
ASSEMBLY, CHECKOUT 230 230 230 230 230 -
TOTAL (THOUSANDSOF §) 2,316 2,550 2,013 2,086 2,626 )

(MwiTH wAYSIDE PCU

(2)|NCLUDES LEVITATION-GUIDANCE MAGNETS FOR PROPULSION TUG

{(3hNCLUDES CREW COMPARTMENT

(3)INCLUDES AIR CONDITIONING, APU, ETC.

(S)INCLUDES PROPULSION TUG STRUCTURE, THRUST BEARING, STRUTS, ETC.

(G)INCLUDES CRYOGENICS FOR PROPULSION OR SLIM TUG SUPPORT SYSTEM
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. SECTION 6
SUSPENSION SUBSYSTEM AND GUIDEWAY CONSTRUCTION COSTS

This section presents detailed cost estimates for the suspension subsys-
tem and the guideway construction. Details of the estimated costs of the
onboard components of a typical linear synchronous motor (LSM) are also

included. Other elements of the system are costed in Section 5.4.1.
6.1 SUSPENSION SUBSYSTEM

The suspension subsystem consists of the levitation components (levita-
tion coil, control coil, shield coil (if any), dewar and associated cryogenic
equipment), and the ride control subsystem (sensors, control and power elec-

tronics, power control unit, etc.).

6.1.1 Levitation Components

The cost breakdown for the levitation components was made by the Magnetic
Corporation of America (MCA)}, and Ford Motor Company's Scientific Research
Laboratory. The magnet configurations shown in Figures 4-16 and 4-18 were
used in preparing the costs summarized in Table 6-1. As shown, the cost of
four levitation modules and refrigeration system for a MAGLEV vehicle in
volume production is approximately 5121,000 without shielding coils and
$137,000 with shielding coils, Engineering and development costs have not
been included in these values; approximately a 25% increase in total cost is

required if these are to be added.

Estimates have also been prepared for a low production volume case: for
12 vehicles, the cost of the levitation modules approximately doubles, but
the refrigeration system remains unchanged. Therefore, the total cost of the
levitation components per vehicle is $207,000 without a shielding coil and
$240,000 with shielding. In additiom, $500,000 of tooling is required. Again,

no development or engineering costs are included in these values,



TABLE 6-1. LEVITATION MODULE
(PER VEHICLE)

AND REFRIGERATION COSTS

WITHOUT
SHIELDING COIL

(1)

WITH
SHIELDING COIL

superconpucTor!?
MAGNET CANS
PERSISTENT SWITCH
DEMOUNTABLE LEADS
OUTER CRYOSTAT
STRUTS

LEVEL DETECTORS
ELECTRICAL CONNECTIONS
SUPERINSULATION
LIQUID He RESERVOIR -
LLABOR |

€ SUB-TOTAL, LEV/GUIDE MAGNETS

UNIT ACCEPTANCE TESTING,
SUBSYSTEM'CHECKOUT AND TEST

RIDE CONTROL MAGNETS (CONTROL COILS}

© SUB-TOTAL, LEVITATION MODULES

REFRIGERATION suBsYsTeEM3).(4]

€ TOTAL LEVITATION SYSTEM

$ 41,400
770
140
370

20,000
500
80

80
300
1,200

. 3,000

$ 67,840
2,720
14,820

$ 85,380

35,600

$120,980

$ 52,000
1,570
140

370
24,000
500

80

80

400
1,200
35800

$ 84,140
2,720
14,820

$101,680

35,600

$137,280

”)1974 PRICES ON 250 VEHICLES {1000 MODULES}, NO DEVELOPMENT COSTS INCLUDED.

(Z)SUPERCONDUCTOR COST IS APPROXIMATELY 1/2 CURRENT VALUES TO ALLOW FOR

QUANTITY PRODUCTION.

(3)ADDITI0NAL COMPRESSOR (@ $7,500) INCLUDED FOR REDUNDANCY

M’REFRIGERATION COSTS BASED ON CURRENT PRICE FOR LOW VOLUME PRODUCTION.
NOTE COST CAN BE REDUCED SUBSTANTIALLY BY HAVING A LARGE LIQUID HELIUM

RESERVOIR ON-BOARD WHICH 1S FILLED PERIODICALLY FROM WAYSIDE. THIS

REQUIRES AN ON-BOARD HELIUM GAS CONTAINER AND COMPRESSCR SO THAT THE
GAS CAN BE COLLECTED AND RELIQUEFIED BY A STATIONARY REFRIGERATOR.



6.1.2 Ride Control Subsvstem

The cost figures developed for the ride control subsystem are based upon

the following premises:

@ 1974 prices for hardware fabrication, unit acceptance test,
installation and subsystem checkout/acceptance test.

e 250 systems,

¢ High-reliability (screened) parts used throughout with separate
costs for the basic subsystem elements and a failsafe configura-
tion employing dual redundance where the basic configuration
does not have inherent redundancy.

¢ Temperature and vibration testing included in the unit
acceptance testing.

@ No development costs included,

@ All costs are engineering estimates based upon a brief analysis
of requirements and available data on costs of current technology
from catalogs and informal vendor contacts.

The elements in the ride control subsystem are identified in Figure 4-64,

The following discussion is keyed to that figure,

A, Accelerometers. Costs are based upon use of a commercial unit which

is currently in production for commercial instrumentation applications. Eight
units are used in the basic system and 16 in the failsafe configuration. Base
per unit cost of the commercial version of this device is $450. Assuming a

factor of two increase for a high-reliability version and 0.7 or 0,55 quantity

discount factors yields per system costs of:
Basic system cost = $450(8)(2)(0.7) = $5K
Failsafe configuration = $450(16)(2)(0.55) = $8K

B. Gap_ Sensors. A gap sensor applicable to the MAGLEV case remains to
be developed. It is estimated that the per unit cost will be $5,000 in a high
reliability configuration. Total costs using quantity discount factors of

0.8 and 0.55 are:
Basic system cost = $5,000(8)(0.8) = 832K
Failsafe configuration = $5,000(16) (0.55) = 844K

€. Longitudinal Velocity Sensors. A specific candidate for this require-

ment is not presgently available, and adaptation of existing technology will be
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required. The cost is estimated to be $3,000 per unit in a high reliability
configuration, Total costs using a quantity discount factor of 0.8 are:
Basic system cost = $3,000(1)(0.8) = $2,400
Failsafe configuration = $3,000(2)(0.8) = $4,800

’

D. Control Electronics. As pointed out in Section 4,3.4B, the control

electronics will benefit from the trend qﬁ(developm@nt in LSI. However, care
'H—J’""

itt) PR

must be taken in making assumptions about the effect of LSI on cost since
operating speed tends to suffer as large‘scaleeintegration (LSI) circuit
complexity increasés. For example, the execution time of the MPLY instruction
in the prototype PM 11 computer made by Toshiba is 40 microseconds. This
computer employs standard American bi-polar small and medium scale chips.

The LSI version of;the PM 11 in P-MOS has an execution time of 120 microseconds
for the MPLY instruction. A roﬁgh evaluation of the LSI speed problem indi-
cates that they can be up to i/S as fast as current mini computers using

bi-polar transistor-transistor logic (TITL).

It is possible to increase the effective speed of current micro processor
chip sets by paralleling central processor units (CPU's) and/or complete com-
puters. This approach tends to reduce the potential size and cost savings,

however, .

A second impoftant point is the fact that mini computer and micro
processor costs are frequently advertised for the basic memory and CPU with-
out considering the cost of the options and I/0 hardware necessary to make a
useful system element. For this case, a multiplying factor of 3 to 5 over

the basic CPU and memory hardware appears to be appropriate.

Using the above comsiderations, the control electronic costs are esti-
mated as follows, The single-unit cost of present mini computers with I/0
hardware applicable to the MAGLEV requirements ranges from approximately $13K
for commercial versions (i.e., Computer Automation Alpha/LSI - 2/20G) to $40K
for ruggedized military versions (i.e., ROLM Rugged Nova 1602). Taking the
lower number, allowing a factor of 2 for high-reliability components and
packaging, and taking a quantity discount factor of 0.8 and a net technology
improvement factor of 0.5 yields a basic control electronics cost of

$13,000(1)(2) (0.8)(0,5) = $10K. For the failsafe case, it is simply assumed
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that the control electronics will increase by a factor of 2.5 to provide
redundancy for the control electronics, and fault isolation and low-power

switching control facilities for the total ride control subéystem.

E. Power Control Unit. The PCU hardware will be composed of relays and

splid-state power conversion equipment, The cost, based upon past experience
with this type of hardware, is $15,000 for the basic system and $24,000 for

the failsafe configuration.

F. Control Magnet Power Amplifiers. The PA cost is estimated by taking

a value of 5125 per kilowatt of peak power as the base cost. This value is
representative of costs for commercial SCR power amplifiers used for industrial
motor control in the applicable power range. The peak power requirement of the
system configuration with gap sensors is used for baseline costing purposes,
Using a factor of two for a high-reliability unit and a quantity discount

factor of 0.55 vields a total cost of
$(125) (22)(8) (2)(0.55) = $24.2K

It is assumed that adequate redundance is provided in the basic magnet PA con-
figuration and no additional costs are incurred here for the failsafe

configuration,

G. Backup Power Supply. A combination of batteries and a separate APU

is used in the backup power supply. Batteries are used to power the low-level
control and switching circuitry and to provide starting power for the APU.

The APU provides the control magnet driver power which constituteé the main
subsysten load. Two 24-volt aircraft type lead-acid batteries are needed.

The cost of these items is $200,

The majpf cost element of the backup power supply is the APU and its
associated generator, The base cost of a Garrett GPI-36 series APU adequate
to handle the full load of the baseline system with gap sensor is $35K, The
quantity discount factor is included in this figure. The unit is designed for

commercial aircraft use, thus no further addition is made for reliability
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improvement, The approximate cost of the generator is estimated at $23K.

Total costs are then

Batteries '$0.02K
APU - 35K
Generator L __225

TOTAL $60,2K

These costs are quite large and are based on a first cut at the mechani-

zation. This area is obviously worthy of additional cost comparison of

alternatives,

H. Subsystem State Instrumentation. The subsystem state instrumentation

includes a central ‘signal conditioner and pick-off devices distributed through-
out the subsystem elements, Costs are estimated on the basis of past experience
with similar equipment. These costs are $10K for the basic system and $12K

for the failsafe cqnfiguration;

I. Subsystem Cabling. The cabling costs are estimated at $5K for the

basic system and $8K for the failsafe configuration, based upon past

experience,

J. Acceptance Testing, Installation and Checkout. The breakdown of

these costs is as follows:

Basic System

@ Unit acceptance test of the subsystem elements, including

 temperature and vibration exposures, 24 hrs. @ $25/hr plus
$250 facilities average each for 14 equivalent items of
equipment in the basic subsystem (i.e., one set each of
accelerometers, gap sensors, 1l control electronics, instru-_

mentation, PCU, backup power supply; and & PA's) $12K
® Iﬁstallatioh 80 hrs @ $25/hr - 2K
¢ Installation materials, facilities, spares and rework

at 10% of base equipment cost - 16K
o Subsystem check out and acceptance testing 160 hrs @ $25/hr

plus 2K facilities 6K
e Contingency @ 10% of total installation/test costs 4K
o Basic Subsystem Totals $40K
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Failsafe Configuration

e Unit acceptance testing. Assume 5 additional items for a

total of 19 @ $850 each 816K
o Installation 120 hrs @ $25/hr 3K
o Installation materials, facilities, spares, and rework - 21K
® Subsystem check out and acceptance testing ‘

320 hrs @ $25/hr plus 4K facilities 12K
o Contingency @ 257 of total inétallation/test costs 14K
o Failsafe Subsystem Totals S66K

These estimates are based on past experience with similar equipment.

K. Summary Costs. Table 6-2 contains the cost data summary.

6.1.3 Linear Synchronous Motor (LSM)

Although the LSM is actually a propulsion system rather than a suspension
system, the costs have been included for completeness. The cost estimates
were provided by MCA for a typical LSM system.consisting of five separate LSM
modules along the underside of the vehicle. The cost breakdown for the
modules is given in Table 6-3 for the case without shielding coils. If shield-
ing is required, the cost for the five modules increases by a factor of 1.8 --

to $868,500 per vehicle.

The refrigeration system for the combined LSM and levitation/guidance
magnets is estimated teo cost $55,000. This includes an additional compressor

for redundancy, but only one large refrigerator,
6.2 GUIDEWAY CONSTRUCTION COSTS

The guideway construction cost estimates were made by the'guideway sub-
contractor, The Cardan Company, Inc. of Beverly Hills, Ca. The at-grade and
elevated guideways were carried to the level of design sufficient to cost all
the major construction itéms, This included; for eiample, the amount, shape,
and location of the reinforcement bars in the conéfete to withstand the various
loading critericn specified by Philco-Ford. The costs have been kept in the
standard English units used in fhe construction industry (cubic yards, pounds,
etc.), As stated in the introduction to Section 6, other elements of the
guideway costs, such as right-of-way, terminals, etc., have been given in

Section 5.4.1.
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TABLE 6-2. RIDE CONTROL SUBSYSTEMS COSTS (PER VEHICLE)

BASIC : FAILSAFE
SYSTEM _ CONFIGURATION
ACCELEROMETERS (8) $ 5,000 $ 8,000
GAP SENSORS (8} ‘ 32,000 ' : 44,000
LONGITUDINAL VELOCITY SENSOR {1) 2,400 4,800
CONTROL ELECTRONICS (1SET) 10,000 25 000
POWER CONTROL UNIT (1) 15,000 : 24 000
CONTROL MAGNET POWER AMPLIFIERS (8) 24,200 24,200
BACKUP POWER SUPPLY - 60,200 60,200
CONTROL SYSTEM STATE 10,000 12,000
INSTRUMENTATION (1 SET)
SIGNAL AND POWER CABLING (1 SET) 5,000 8,000
e SUBTOTAL, EQUIPMENT $163,800 $210,200
UNIT ACCEPTANCE TESTING, INSTALLATION 38,000 62,000
AND SUBSYSTEM CHECKOUT AND
ACCEPTANCE TEST —
e TOTAL RIDE CONTROL SUBSYSTEM $201,800 $272,200

6.2.1 At-Grade Costs

Construction cost data generated by the Cardan Co,. for the baseline
at-grade guideway configuration are itemized in Tables 6-4, 6-5, and 6-6.
The costs of the roadbed shown in Table 6-4 — including concrete pavement,
median curb, sub-base, and base — were calculated assuming the use of standard
construction tecﬁniques used for highways and runways. The aluminum costs in
Table 6-5 — including fabrication and installation expenses — were estimated
from data contained in construction bids for the Task 2 test guideway and from

DOT-supplied data for the cost of the PTACV LIM reaction rail.
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TABLE 6-3. LSM COSTS (PER VEHICLEY

e LSM MODULES

)

SUPERCONDUCTCR $307,500
(NO SHIELDING COILS)

MAGNET CANS 22,500
PERSISTENT SWITCHES 880
DEMOUNTABLE LEADS 230
OUTSIDE CONTAINER 104,000
SUPPORTS 715
LEVEL DETECTORS 200
ELECTRICAL CONNECTORS 200
SUPERINSULATION 3,000
ENVIRONMENTAL TESTING 20,000
LIQUID He RESERVOIRS | 12,000
LABOR 18,000
TOTAL MODULE COST $490,225'2)
® REFRIGERATION suBSYSTEM!3 $55,000
TOTAL SYSTEM COST $545,225/VEHICLE)

{1'E|VE MODULES PER VEHICLE, 250 VEHICLES. NO DEVELOPMENT COSTS INCLUDED.
(2)4868,472/MODULE WITH SHIELDING COILS

(3)REFRIGERATI0N FOR BOTH THE LSM AND THE LEVITATION/GUIDANCE MODULES
(ONE REFRIGERATOR AND TWO COMPRESSORS)

(4)3923,472/VEHICLE WITH SHIELDING COLLS
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TABLE 6-5. COST ESTIMATE - LEVITATION AND GUIDANCE

ELEMENTS (PER ELEMENT}

COST PER
T QUANTITY UNIT PRICE RUNNING FOOT
ITEM _$/FOOT
ALUMINUM ELEMENTS 68.9 LB/FT $0.56/LB 38.60
SHOP FABRICATION _ ¢,ﬁi”c“g§$°g"’ F 7.70
(FORM “L” SHAPE) AL ELEMENTS
ASSUME 25%
ATTACHMENT _ THE COST OF 9.66
HARDWARE AL ELEMENTS
| ASSUME 45% .
FIELD INSTALLATION - THE COST OF 40
AL ELEMENTS
73.40/FT
TOTAL ($388,000/MILE)

TABLE 6-6. COST ESTIMATE - SITE PREPARATION (EARTHWORK)
TWO-WAY TRACK
DEPTH OF COST PER ORIGINAL GRADE
CUT, Hy RUNNING FOOT
14 . ,
; s 7 4
20 70 I
30 120 FILL
40 180 Hy > Hyq
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Site preparatidn costs (i.e., earthwork required to prepare for roadbed
construction) are highly dependent on the route under consideration; therefore,
only very preliminary cost estimations could be made relating to possible
hypothetiéal terrain conditions and the attendant earthwork réquirements.

The amount of earth that would be moved for several required cut depths has
been estimated to demonstrate the possible earthwork costs associated with
providing a level surface through rough terrain. The typical cross sections
shown in Figure 4-93 demonstrate that the cut must be smaller than the fill

' to balance the earth. The following assumptions were used to obtain the esti-
mated earthwork costs given by Table 6-6: (1) the cut-fill earth balance is
maintained; (2) an average cost for earth excavating, moving, filling and
recompacting is $3.92/m3 (83.00/cu. yd.); and (3) elevation variation along
the -direction of trével can be approximated by a curve with a simple periodic

waveform.

All guideway costs are summarized in Table 6-7, including an allowance
for drainage. The estimated construction costs are shown to range from
$1,450,000 per km ($2,330,000 per mile) for a two;way track in relatively
smooth terrain (elevation deviations of about 3 m), to $1,990,000 per km
($3,200,000 per mile) for more severe terrain (elevation deviations of about

25 m). Cost estimates were not made for terrain having rock,

Cost Comparisons - Table 6-4 shows that a large part of the roadbed

construction costs is associated with the median curb that supports the guid-
ance surfaces. The high cost of this curb is due to the assumption that the
curb is cast in place. A precast factory-made curb or the development of a
slip-form type of machine to automate the curb construction should lead to a
lower cost. Possible savings in curb construction has been estimated based
on an assumption that an automatic process can be developed that will reduce
the concrete cost per unit volume to that achieved with a slip-form paving
machine. Based on this, a savings of $23,800 per km (338,300 per mile) or

about 14% of the roadbed construction cost should be possible,

A railroad tie roadbed such as suggested in Ref. 6-1 can be considered
as an alternate guideway design. From the current cost of $9.97 each for

ordinary railroad ties (Reference 6-2.), the 3.65 m-long (~12 ft.) ties
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required for the MAéLEV guideway are estimated at least $13.30 each.* For
ties spaced at 0.6 ﬁ (~2 ft), the cost of $13.30 ties would be $22,000 per km
($35,000 per mile), one way. From Table 6-4, the cost of finished concrete
pavement including reinforcement steel is $51,500 per km ($83,000 per mile),
one way. The railroad tie approach would then_result in a potential savings
if alignmeht of the awkward aluminum levitation/guidance elements relative to
the ties can be accomplished for less than $29,000 per km ($48,000 pér mile),
It is doubtful if railroad ties will be less expensive when all the cost
factors are considered, i.e,, the cost of the installed ties, the cost of
alignment and attachment of the aluminum to the ties, and the increased main-

tenance cost of ties. Also, ties will result in a rougher roadbed.

No clear advantage of any of the alternate guideway configurations over
the baseline hat—shaﬁé is indicated from a guideway design or cost standpoint.
The canted-inverted "T" involves the construction of a more complicated road-
bed requiring the development of new machinery to automate construction. The
"U" channel requires two separate curbs to support the guidance surfaces and
would therefore be m@re expensive. A circular guideway may offer a cost
advantage (due to the minimal amount of aluminum) if an innovative construc-
tion technique could be developed. The inverted '"U" channel requires an
increased amount of concrete for at-grade guideways unless a hollow beam is
used. This design has the advantage of using separate aluminum plates for the
horizontal and vertical (guidance) elements and would therefore eliminate the
relatively eXpensive'procedure of bending the aluminum. This necessitates
having separate lift and guidance magnets on the vehicle, but having more
expensive vehicles is generally cost effective if this results in a less

expensive guideway.

6.2.2 Elevated Guideway Costs

Cost data were aeveloped for the elevated guideway designs presented in
Paragraph 4.5.28. These data were generated by Cardan Co. as a function of
the height of the pier, the span lengfh, the type of footing (spread or pile),
and whether ordinary prestress or uniform prestress is used in the beams. The

unit price of the materials used to obtain the costs is tabulated in Table 6-8,

“Currently, the installed tie costs for some railroads (Penn-Central) are run-
ning at approximately $20 each, according to newspaper articles,
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TABLE

6-8. UNIT MATERIAL COSTS FOR ELEVATED GUIDEWAYS

GUIDEWAY
COMPONENT MATERI’AL/OPERATHON UNIT COST
Piers Concrete, Forms, etc. $105/cu yd
Reinforcement Steel $0.35/1b
Fooiings Excavation $6.00/cu yd
Concrete, Forms, etc. $85/cu yd
Reinforcement Steel $0.35/1b
Backfili and Compaction $9.00/cu yd
Piles (if used} $500/each
Girders Fabricated Prestressed Girders (Concrete, Reinforcement, etc.) Variable* From
$400/cu yd to
$800/cu yd
Fabricated Center Curb {Concrete, Reinforcement, etc.) $150/cu yd
Erection Costs Variable From
$1200 (50 ft span)
to $4100 {100 ft span)

*Cost depends on girder tength, type of section and amount of prestress. The cost for a 75 foot uniform
prestress box beam is $650/cu yd.

Figure 6-1 summarizes the substructure (piers and footings) and girder

costs as a function of the length of the span.

The girder costs predominate,

especially for the long spans. The substructure costs decrease gradually

with increasing span length since fewer, but larger, footings and,pieré are
required. The twin-T girders with ordinary prestress have the lowest cost,
but ordinary prestress beams have an undesirable amount of camber and creep
(see Section 4.5.2B). A uniform prestress approach largely eliminates this
problem. It is difficult and expensive to apbly uniform prestress to a twin-T

girder because of the shape of the section, but it is relatively easy to do
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for a box beam, Therefore, the box beam with. uniform prestress has been
selected as the baseline elevated guideway. Note that a composite steel/

concrete girder costs considerably more than all-prestressed concrete.

Figure 6-2 summarizes the cost of the complete structure for an elevated
guideway except for the aluminum levitation elements on the top surface
{aluminum costs are given in the previous section), The following conclusions
can be drawn from the results:

e Span lengths on the order of 18 m (60 ft,) result in the lowest

cost elevated guideway.

o Pile footings for poor soil conditions cost about 15% more than
spread footings in terms of overall cost.

o Doubling the pier height from 4,5 m (15 ft.) to 9 m (30 ft.)
increases the total cost by less than 15%.

¢ Total guideway costs using a uniformly prestressed box girder
increase by less than 16% compared to the lowest-cost girder,
i.e., a twin-T design with ordinary prestress. ‘

Again, some cost savings can be obtained by prefabricating the center
curb in a factory and simply bolting the sections to the guideway. The unit
cost of $150/cu yd given in the table is for construction in the field. A
cost savings of perhaps 5% in the girder cost (not guideway cost) may be

possible with a prefabricated curb.
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SECTION 7
CONCLUSIONS AND RECOMMENDATIONS
7.1 GENERAL STUDY RESULTS

The major study conclusions of this effort pertain to the technology
aspects of a passenger-carrying TMLV, e.g., the vehicle suspension, the
guideway, propuléion, and overall vehicle design/performance. Additional
conclusions pertain to the general systems aspects, e.g., passenger capacity,
total cost, and parameter optimization. The pertinent conclusions in each

category are summarized below.

7.1.1 Vehicle Suspension

The passenger-carrying TMLV Revenue System conceptual design studies
show that the repulsion-type of suspension for MAGLEV can be employved in a
high-speed ground vehicle and meet all specified ride quality requirements
at 134 m/s (300 mph) without the necessity for a super -smooth guideway or a
secondary suspension. The ride quality requirements are achievable for a
guideway with a statistical roughness coefficient, A = 1.5 x 10-6 m, without
excessive vehicle excursion (maximum stroke < 5 cm) or power consumption
(30 to 50 kW) in all dynamic modes and in turns and transitions to a 2% grade
as well as in straight and level transit. Several active ride control tech-
nigues were studied, i.e., those incorporating position feedback, accelera-
tion feedback or heavy absclute damping, and all were found to have accept-
able performance; quantitative comparison, however, is highly route-specific
(primarily due to differing grade transition lengths) and no "optimum'
control technique can be identified at this time, Total production cost of
the baseline position feedback control system is estimated at $5272,000 per

vehicle,

The proposed design for the suspension system, i1.e., the superconducting
levitation/guidance magnets and associated refrigeration system, represents a

very modest extension of state-of-the-art systems to produce a high-performance
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design (lift-weight ratio ~16.8 with shielding; 20.8 W heat leak per vehicle).
All aspects of the proposed design (namely, high-current-density niobium-
titanium multi-filament wire, low-conductivity epoxy-fiberglass struts to
transmit mechanical forces, etc.) are currently available, but the combina-
tion embodied in the proposed design must go through a development test
program to ensure proper performance in the high-speed,'vibratory field
environment. Eight suspension magnets are used in the design, combined in
pairs to make four suspension modules. Each module thus consists of two
redundant suspension magnets (each magnet encapsulated in a separate dewar),
thereby greatly increasing the reliability of the suspension system. Each
dewar contains a 16-1iter liquid helium storage container to maintain its

cryogenic temperature in the event of failure of the refrigeration system.

Active shielding of the levitation/guidance magnets is accomplished with
bucking coils without introducing severe weight penalty. The average magnetic
field in the ﬁassenger compartment is quite low (5 to 10 gauss); the maximum
magnetic field at seat level (about 70 gauss) is directly over the magnets.*

The production cost of the suspension system is estimated at $138,000/vehicle.

7.1.2 Guideway

Although several guideway configurations are feasible, the hat-shaped
(or wide inverted Tee) configuration is preferred. It provides for stable.
vehicle operation, is equally applicable to either elevated or at-grade use
and can:be fabricated quite easily with conventional highway and airport
construction techniques and equipment. At the wavelengths of interest for a
vehicle at 134 m/s, the estimated guideway vertical roughness level achieved
with these conventional construction methods is actually less than that used
for the vehicle ride quality analyses. The lateral roughness level of the
central '"spine" of the guideway is expected to be even lower. There is the
potential therefore, for further improvements in ride quality without resort
to expeﬁsive or exotic construction techniques. The hat-shaped guideway 1is

judged to be the most economical configuration; exclusive of land acquisition,

*In the baseline design, no passenger seats are actually located over the
magnets due to the placement of the magnets near the ends of the vehicle.



route preparation or electrical power, the double-track cost estimates are
$1.4 x 106/km for at-grade-construction and $3.6 x 106/km elevated. These
costs include the L-shaped levitation elements, which are fabricated from
high-conductivity aluminum (1100-Hl4) to achieve high magnetic lift/drag
ratio (~46),

7.1.3 Vehicle Design/Performance

The baseline, 80-seat vehicle with Ducted Fan/Gas Turbine propulsion
exhibits minimum energy consumption per passenger with the 2 + 2 seating
arrangement. The 140-seat vehicle, however, shows 247% less energy consumption
per passenger and the optimum seating arrangement is 2 + 3. The aerodynamic
drag of the baseline vehicle is approximately 2.5 times the magnetic drag at
level cruise conditions, despite the assumbtion of a relatively ''clean" con-
figuration. Great care must be exercised in design, therefore, to assure
conformity with aircraft practice regarding surface smoothness, the fit of
joints, windows, doors, etc. Acceleration to cruise conditions and operaticn
on an upgrade increases the importance of vehicle weight, and a lightweight

design approach is highly desirable.

The vehicle sponsons (the lower vehicle sections required te straddle
the hat-shaped guideway) are advantageous in that they provide a high section
modulus with a relatively short vehicle (by encapsulating magnets, wheels,
fuel, etc.), thus permitting a light-weight, low power vehicle design. The
wheeled suspension system is easily packaged within the sponsons, and supports
the vehicle during normal operation below lift-off speed (~ 30 m/s). The
wheels also engage the switching ramps and provide the support for emergency
landing. Vehicle-generated noise (exclusive of propulsion) is a major design
factor since it bears on cruise speed selection, propulsion system performance,
ete. The preliminary vehicle noise estimate is 92 dbA at 15 m for a vehicle
traveling at 134 m/s; the DOT operating goal of 73 dbA is not reached until
speed drops to 80 m/s (179 mph).

7.1.4 Propulsion

The propulsion system is a major factor in overall system design; it is
the largest vehicle weight and cost element and directly influences the guide-

way and switch mode selection. The noise-suppressed Ducted Fan/Gas Turbine
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system is clearly?the leading candidate for a Repulsion MAGLEV vehicle for

the near future. ' lts advantages relate to its development status, relia-
bility,‘light weight, reasonmable cost, performance, and its ability to provide
propulsion for switching and off-line operation as well as on-line operations.
An additional advgntage is that it results in the cheapest guideway, e.g.,
when coﬁpared with electric propulsion systems. DNoise and exhaust emission

problems appear readily solvable within realistic requirement bounds.

In the event that chemical fuels (fossil or synthetic) are not available,
recourse can be made to electric propulsien. All of the electric propulsion
systems considered appear to be feasible, but there are a number of unresolved
problems which prevent precise quantitative comparison. The linear induction
motor (LIM) has the best development status of the electric systems, but it
is excessively heavy unless wayside power conditioning is employed; although
not yet demonstrated, wayside conditioning is probably feasible. The LIM
requires power pickup and is difficult to switch safely, even in the single-
sided version. The biggest difficulty, however, is the dynamic incompati-
bility between thg narrow~gap motor and the large gap wvehicle suspension; the
motor cannot be suspended from the vehicle without adversely affecting ride
quality‘and/or stroke., This problem is resolvable, in principle, by operating
the motbr as a tug, i.e,, with its own separate suspension system, Neverthe-
less, it is our judgement that thenlinear induction motor will not be a good

propulsion system for a Repulsion MAGLEV vehicle.

The linear synchronous motor has substantial potential for‘Repulsion
MAGLEV applications. It is a large gap device, does not require a power

pick-up and is efficient. Current indications are, however, that it is
difficult to switch and is relatively heavy (with somewhat higher energy con-

sumption}) . Nevertheless, with sufficient development the LSM could become
the future MAGLEV propulsion system,

The noise-suppressed ducted fans can also be driven by rotary electric
motors, preferably of the superconducting type for reduced size and weight.

DeSpite‘the light weight of this propulsion arrangement, the overall energy

consumption per p?ssenger is the highest of all systems studied, Compared to
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other electrically-powered systems, switching is easier because of the
system's ability to provide propulsion for both on-line and off-line opera-
tions, and the additional guideway cost (above that Ffor the gas-turbine
driven fan) is only due to power rail and power distribution, not a reaction
rail, The system will benefit from current military efforts to develop

superconducting motors for ships.

The superconducting paddle wheel is a concept with long-term potential,
including the possibility of integrating propulsion with levitation. It has
high efficiency and, when driven by onboard gas turbines, has Lthe lowest
energy consumption of all systems studied. However, this concept has essenti-
ally zero development status and much more work is necessary to determine its

characteristics.

7.1.,5 Systems Analvysis

The 140-seat vehicles can handle approximately 5000 passengers per hour,
corresponding to ~ 30 x 106 passengers per year or ~ 2 X 1010 passenger-km per
year for the sample 750 km route. These results are based om 16 hour/day
operation at 60% load factor and 2-minute headway between vehicles. For
larger headways or for peak capacities of greater than 5000-passengers per
hour, two or more vehicles must be coupled together. This results in a more
favorable energy intensity (< 1 MJI/seat-km), but the vehicle dynamics aspects

0f coupled vehicles are unknown at this time.

Train sets cbmposed of three l40-seat coaches operating at 134 m/s with
Ducted Fan/Gas Turbine propulsion have a total operating cost of ~ 1,7¢/
passenger-km for JP fuel at 5.3¢/liter (20¢/gal) and ~ 2.l¢/passenger-km for
fuel at 10.6¢/liter (40¢/gal). Again, 60% load factor is used.

The optimum thickness of the aluminum guideway elements is between 2 and
3 cm for a very wide range of JP fuel cost. Cruise speed for minimum energy
cost is between 80 m/s (179 mph) and 95 m/s (212 mph); cruise speed for
minimum total system cost is between 90 m/s (201 mph) and 110 (246 mph),
although total cost is not very sensitive to cruise speed in the range of

current fuel costs.



Total double track guideway cost, assuming the Northeast Corridor compo-
nent mix®* and with land at $30,000 per acre, ranges from~ $3.3 x 106/km for
the Ducted Fan/Gas Turbine propelled system to~ 4.1 x 10%/km for the LSM-
propelled system.

For a single 80-seat vehicle operation with Z2-minute headway, there is
approximately a 15% difference in cost/passenger-km between the Fan/GT system
and the highest cost electric system with JP fuel at 10.6¢/liter (40¢/gal)
and electricity at 3¢/kW hr, respectively, For a single 140-seat vehicle,
the difference is only 10%, reflecting the diminished importance of the guide-

way cost under high capacity operation.

7.2 RECOMMENDATIONS

The Philco-Ford-developed 5-DOF vehicle dynamics computer program should
be employed for in-depth parametric evaluation of various active control
schemes. Cruise speeds above and below 134 m/s should be considered and
emphasis should be placed on those contreol schemes which do not require a gap
sensor. This work should interface with route-specific analyses to derive
optimal turn and grade transition profiles and vehicle acceleration/speed

profiles.

Much more work based on either wind tumnel testing or free flight model
testing is necessary to obtain reliable aerodynamic data. This includes
cross-wind flow conditions with realisti: guideway/vehicle simulation. A
similar recommendation is appropriate to the problem of vehicle-generated
neise. This is necessary to establish realistic noise requirements, partic-
ularly as they affect the propulsion system selection, operation near popu-

lated areas, etc.

More detailed analyses of various propulsion options should be carried
out, with possible subscale experimentation, and with careful attention to
overall systems aspects, Further consideration should be given to the problem
of vehicle switching. (Switching permits off-line loading and unloading, a

requirement for a high capacity, limited headway system.)

*1% bridges, 4% tunnels, 16% elevated, 79% at grade.
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A field experimentation program, preferably with a subscale test vehicle,
is nebessary to ascertain performance of the superconducting magnets and
associated equipment in a realistic environment. Measurement of vehicle ride
quality, switch functioning, aerodynamic noise, and other system parameters
is also desirable. Development should continue on the magnet to cobtain a

shielded, low weight, high 1ift, intrinsically stabilized design.

A gap sensor should be developed which will function in an all-weather
environment and meet the requirements listed in Section 4.3.4A. Other
instrumentation which should be developed is a device to detect objects on

the track; ones large enough to interfere with passage of the vehicle.
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