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SI* (MODERN METRIC) CONVERSION FACTORS
APPROXIMATE CONVERSIONS TO SI UNITS APPROXIMATE CONVERSIONS FROM SI UNITS

Symbol When You Know Multiply By To Find Symbol Symbol Whan You Know Multiply By To Find Symbol |

LENGTH LENGTH
in inches 25.4 millimeters mm mm millimeters 0.039 inches in
ft feet 0.305 meters m m meters 3.28 feet ft
yd yards 0.914 meters m m meters 1.09 yards yd
mi miles 1.61 kilometers km km kilometers 0.621 miles mi

AREA AREA

in2 square inches 645.2 millimeters squared mm2 mm2 millimeters squared 0.0016 square inches in2
ft2 square feet 0.093 meters squared m2 m2 meters squared 10.764 square feet ft2
yd2 square yards 0.836 meters squared m2 m2 meters Squared 1.195 square yards ac
ac acres 0.405 hectares ha ha hectares 2.47 acres mi2
mi2 square miles 2.59 kilometers squared km2 km2 kilometers squared 0.386 square miles

VOLUME VOLUME

0 oz fluid ounces 29.57 milliliters ml ml milliliters 0.034 fluid ounces fl oz
gal gallons 3.785 liters 1 1 liters 0.264 gallons gal
ft1 cubic feet 0.028 meters cubed m3 m3 meters cubed 35.71 cubic feet ft3
yd3 cubic yards 0.765 meters cubed m3 m3 meters cubed 1.307 cubic yards yd3

II NOTE: Volumes greater than 10001 shall be shown in m3. ,

MASS MASS

oz ounces 28.35 grams g g grams 0.035 ounces oz
lb pounds 0.454 kilograms kg kg kilograms 2.202 pounds lb
T short tons (2000 lb) 0.907 megagrams Mg Mg megagrams 1.103 short tons (2000 lb) T

TEMPERATURE (exact) TEMPERATURE (exact)

°F Fahrenheit 5(F-32)/9 Celcius °C °C Celcius 1.8C + 32 Fahrenheit °F
temperature or (F-32)/1.8 temperature temperature temperature

ILLUMINATION ILLUMINATION

fc foot-candles 10.76 lux 1 lx lux 0.0929 foot-candles fc
n loot-Lamberts 3.426 candela/m1 cd/m1 cd/m2 candela/m2 0.2919 foot-Lamberts fl

FORCE and PRESSURE or STRESS FORCE and PRESSURE or STRESS

Ibf poundforce 4.45 newtons N N newtons 0.225 poundforce Ibf
psi poundforce per 6.89 kilopascals kPa kPa kilopascals 0.145 poundforce per psi

square inch square inch

* SI is the symbol for the International System of Units (Revised January 1992)
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1 . INTRODUCTION

T he Severe Segm ent T est (SST ), form erly know n as the H ypothetical R oute, w as defined by the 
governm ent to be used as a benchm ark evaluation tool for the M aglev  system s developed  under the 
System  C oncept D efin ition  programs. Parameters such as system  perform ance, construction cost, 
and operating costs were evaluated for this route w hich contains various sequences o f  curves, grades, 
station stops and tunnel. The route w as described in schem atic form only, w ith detailed curve design  
and integration o f  ride com fort parameters left to the system  contractor. A lthough the route as a 
w h ole  is  not intended to duplicate an actual transportation corridor end-to-end, m any o f  the m ost 
dem anding operating situations that could  be encountered over such a route are included, hence the 
designation “Severe Segm ent T est.”

T he subject matter o f  the com plete report is organized into three different areas:

• Part I - Route D esig n  and System  Performance.
• Part II - V eh ic le  D yn am ics on Route Segm ents.
• Part III - System  Capital and Operating Costs.

Part I o f  the report covers a major aspect o f  the effort w hich included the evaluation o f  system  
perform ance over the actual route. S ince the route in turn w as defined on ly  in  term s o f  overall 
schem atic alignm ent, substantial w ork by the contractor w as required to derive an actual path in three 
dim ensions w hich lim ited  the g-loads, jerk, roll rates, etc. to those contained in the standards used  
for ride quality f l-1 1 . T his effort consisted  primarily o f  defining the spiral curve transitions and 
m inim um  arc segm ents needed for the sm ooth negotiation o f  the route. T his w as then fo llow ed  by 
use o f  a Train Perform ance Calculator (TPC) program, especia lly  develop ed  by Parsons D e  L euw , 
Inc. (PDI) for M aglev applications. (PDI is  a major subcontractor to Foster-M iller for the M aglev  
developm ent program.) T he TPC w as used to apply the system  perform ance capabilities to M aglev  
consists traveling over the detailed route alignm ent developed by Foster-M iller, Inc. R esults 
included tim e, speed, and energy consum ption, as w ell as continuous p lots o f  veh icle  speed, 
acceleration and pow er used.

Foster-M iller d eveloped  tw o fu ll sets o f  guidew ay curve geom etries, each optim ized for different 
ride quality levels. T hese groups o f  ride quality parameters had been determ ined at a R ide Q uality  
W orkshop held by the governm ent in D ecem ber o f  1991, w ith participation o f  Foster-M iller and the 
other SC D  contractors. The tw o principal ride classifications w ere intended to represent a “design  
goal” (com fortable) ride quality, and a “m inim um  acceptable” ride quality (less com fortable, but 
perm itting higher speeds and accelerations).

T he Foster-M iller curve design  procedure, using both sets o f  ride quality definitions, took  fu ll 
advantage o f  the banking capability in the tilting bogie suspension o f  the Foster-M iller veh icle , w hich  
produced the h ighest possib le speeds by utilizing the fu ll “envelop e” o f  the several ride quality  
parameters in each o f  the tw o cases above. Superelevation o f  the gu idew ay, w ithin  lim its deem ed  
appropriate for safety in em ergencies and m aintenance, w as also utilized.
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The TPC was developed by PD I using advanced transit m odels as a starting point, then m odified  
for M aglev  application by incorporating new  train resistance and braking scenarios, higher speed and 
accel/d ecel capability, etc. Com parisons were then made o f  all perform ance parameters over the SST  
route with different m axim um  electrical pow er lev e ls  and the tw o ride com fort levels.

O verall results w hen the procedures above are used show  that trip tim es can be brought under 2  hr 
for the 800 km SST  route with acceptable ride quality, and that D esign  G oal ride quality can be 
achieved with a trip tim e increase o f  on ly  7 or 8 min.

In Part II o f  the report, detailed dynam ic analyses o f  the actual ride over four specific  sections o f  
the SST  route were m ade by Dr. Fred Blader. T hese sections had been identified by the governm ent 
specification for the H ypothetical Route activity. This dynam ic m odeling  incorporated the com plete  
set o f  suspension design parameters for the car bodies traveling in consist, including both the primary 
electrodynam ic levitation/guidance/propulsion system  (E D S ), and the onboard tilting secondary  
suspension system s.

R esu lts show  the ISO ride quality leve ls  are m et with projected gu idew ay deflections, and that the 
veh icles w ill safely  negotiate even  severe guidew ay irregularities, in som e cases on the order o f  25  
m m  (1 in .).

Part HI o f  the report contains a sum m arized capital and operating cost analysis o f  the Foster-M iller  
M aglev  system . In the case o f  capital costs for the guidew ay system  (the major cost elem ent), the 
cost breakdowns are first m ade in the SI form at com m on to the ex istin g  Foster-M iller Final System  
C oncept D efin ition Report, and then are reformulated referencing the Parsons B rinckerhoff 
(PB Q & D ) M aglev Capital C osting Report, w hich used E nglish  units and also  contained additional 
cost categories for h ighly route-specific item s not directly associated  w ith the M aglev system  itself. 
T he Foster-M iller costs are clearly identified as to where they fit in the PB Q & D  format.

A lso , an at-grade guidew ay design  is costed in addition to the elevated  gu idew ay, so that where 
future route conditions permit, additional co st savings could be effected . F inally, costs for pile-type  
footings for use in poor so il conditions are included, to a llow  cost factoring where these m ight be 
required along a route.

Bottom  line costs show  that the com pleted tw o-w ay elevated  gu idew ay system , including all 
electrical, signal and pow er com ponents (w ith substations) can be installed for $9 .11  m illion  per km  
on an average prepared RO W . The at-grade guidew ay, where appropriate, could  save an additional 
$ 1 .6  m illion per tw o-w ay km .

D irect operating and m aintenance costs over the route are show n to be 2 .8  cents per passenger-km  
before depreciation, and 6 .6  cents/psgr-km  including depreciation o f  all the capital equipm ent. This  
is  very com petitive w ith other h igh-speed transport m odes.

The 75-passenger veh icles w ill average $6 .5  m illion  each, including fu ll am enities, secondary  
suspension w ith tilting capability, and m eeting all safety requirem ents.

In sum mary, the Foster-M iller M aglev  system  has su ccessfu lly  addressed the goals o f  the Severe  
Segm ent T est requirem ents, achieving high leve ls  o f  perform ance and safety at lo w  capital and 
operating cost.
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PARTI

SST CURVE DESIGN AND PERFORMANCE EVALUATION



2. OVERVIEW OF SST CURVE DESIGN AND PERFORMANCE 
ANALYSIS

The m ajor task in  the p hysica l definition o f  the route alignm ent consists o f  m odifying the original, 
schem atic route description furnished by the governm ent so  that sm ooth transitions take place  
continuously through the tangents and curves, a llow ing the h ighest possib le speed over the route. 
The original route description, d iscussed in the subsections b e low , contained only constant radius 
turns through prescribed deviation angles, connected b y  tangents. Therefore, spiral transitions from  
tangent to the m inim um  radius curve were optim ized for each individual turn, based on tw o different 
lev e ls  o f  m ultiple ride quality parameters cited in the previous section. These were the “D esign  
G oal,” the m ilder set, and “M inim um  Required,” a m ore aggressive set. T hese parameters w ill be 
detailed in the subsections that fo llow .

T he important ground rules here were that the resulting curve had to include a section  at the original 
m inim um  radius, and that the total deviation angle through the resulting turn w ou ld  equal that o f  the 
original. Therefore, the overall alignm ent over the right o f  w ay  w ou ld  be equivalent to that o f  the 
original, excep t for  the sligh t “pulling in” o f  the points o f  intersection (P is), typical o f  norm al 
surveying practice.

Foster-M iller d evelop ed  com puterized procedures to relate m ultiaxial interior veh icle  “g ” lev e ls  
to speed and bank angle, as w e ll as incorporating the sim ultaneous effects o f  vertical curves w hich  
appeared at intervals in  the route. This not only enabled rapid determ ination or checking o f  speed  
lim its at any points in  the curve, but w as also incorporated in a larger procedure to optim ize the speed- 
bank angle relationship in  order to take m axim um  advantage o f  the ride quality “en velop e.” This  
envelop e included not on ly  m ultiaxial “g ” in the veh icle , but a lso  vector sum  com binations. T hese  
are quasi-steady state g - le v e ls  for a body m oving on the route alignm ent. A  later section  o f  the report 
also show s a detailed dynam ic analysis o f  the M aglev con sist over certain sections o f  the S S T  route, 
and also over se lected  gu idew ay  deflections and irregularities.

S ince the tw o different sets  o f  ride quality parameters resulted in a slightly different optim um  curve 
geom etry for each turn, tw o  fu ll SST  routes w ere generated in  detail. T his enabled a com parison to 
be m ade o f  the best p o ssib le  perform ance for each lev e l o f  ride quality, rather than over a s in g le  route 
geom etry w h ich  m ight com prom ise perform ance in p laces for one or the other lev e l o f  ride quality.

A lso , an im portant feature o f  the Foster-M iller veh icles is  the incorporation o f  up to 12 deg o f  tilt 
capability, w h ich  a llow s m uch greater freedom  in  allocating appropriate portions o f  the overall bank  
angles to both the veh ic le  and guidew ay. This had sign ificant advantages over a non-tilting schem e:

• It m in im ized  m axim um  superelevation o f  the fixed  gu idew ay to the 18 deg range, sin ce the 30  
deg bank angle lim its for the “M in Required” ride quality case could be achieved by adding body  
tilt. T his perm its safe gu idew ay m aintenance activity and also use o f  the gu idew ay for som e  
m odes o f  em ergency  egress.

• It perm itted a m uch w ider range o f  acceptable speeds through banked curves. In particular, i f  
low er speeds through superelevated curves w ou ld  be required either due to system  congestion
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The resulting curves, described by detailed point-by-point speed “gates,” together w ith horizontal 
and vertical curve geom etry, were then used as input to a m ultifunctional train perform ance 
calculation program (TPC), developed by Parsons D e  L euw  sp ecifica lly  for M agle v  applications. A ll 
train operating characteristics are included: accel/d ecel capability, train w eight, pow er consum ption  
(including regeneration), and train resistance, includ ing that due to m agnetic, aerodynam ic and 
m ultim ode applied braking. The TPC w as repeatedly run and checked over the com p lete SST  route 
for several different m axim um  pow er lev e ls , and for both sets o f  ride quality. N ote  that this latter 
really  entailed running over the tw o individually  optim ized routes, each containing curve geom etries  
optim ized for the particular set o f  ride quality parameters.

The overall procedure, carried out at both Foster-M iller, Inc. facilities in  W altham , M A , and 
Parsons D e  L euw , Inc., in W ashington, D .C . is  depicted graphically in Figure 2-1.

2.1 SST Route Description

T he SST  route w as specified by the governm ent (2-11 using a set o f  tangents linked at points o f  
intersections (P is) representing curves, and form ing a 800 km  long  route. There are 52  horizontal 
and 5 9  vertical curves in the com plete route. T he m inim um  radius (R) and deflection  angle (I) are 
sp ecified  for each  o f  the curves in the horizontal plane. Each vertical curve is  defined using a length  
o f  vertical curve (LVC). A  major task effort in  the SST  evaluation consists o f  design ing  actual curve 
layouts for each o f  these P is  that m axim ize both speed and ride quality.

There are tw o in-line station stops. For the purposes o f  this analysis no d w ell tim e has been allow ed. 
Thus, the route consists o f  three segm ents. Each o f  the segm ents has characteristically different 
severity.

Segm en t 1 is  4 00  km  long w ith 47 horizontal curves. This segm ent has 400m  to 1,000m  radii curves 
and -1 0  percent to 10 percent grades w ith a m axim um  grade change in the vertical p lane o f  10 percent. 
A fter com pletion  o f  the curve design , or “characterization,” this segm ent d evelop s into a total o f  345  
arcs, spirals and tangents. Segm ent 2  is  7 0  km  lon g  w ith fiv e  horizontal curves. T he segm ent has 
1,200m  to  10,000m  radii curves and -1 percent to 1 percent grades. A fter characterization this 
segm ent develop s into 37 arcs, spirals and tangents. Segm ent 3 is  3 30  km  lon g  w ith  no horizontal 
curves. This segm ent includes a 5 km  lon g  tunnel.

2.2 Ride Quality Specifications

Three curve perform ance criteria representing differing lev e ls  o f  passenger ride quality were also  
specified  by the governm ent (2-21:

• “D esig n  G oal.”
• “M inim um  Required.”
• “Seat/B elt.”

T h ese specifications are listed in T able 2-1 .

2.3 Headway

A  traffic plan o f  veh icle  consists and headw ay w as developed w h ich  can handle a m ovem ent o f  
9 ,6 0 0  passengers per hour in each direction. For an eight-car consist w ith  7 5  seats per car, this 
requires m aintaining an average headw ay, or departure interval, o f  225 sec. For a four-car consist, 
average headw ay (departure interval) b ecom es 112 sec.

or some degraded operating mode, these lower speeds would not result in unacceptable high
inward lateral “g” since the car body could be “untilted” an appropriate amount.
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Table 2-1. Curving Performance Table

Curving Performance (Average value for event for spiral or curve)

Specifications Design
Minimum

Reguirement Seat/Belt

Lateral Curves
Bank angle 24 30 45
Roll rate (deg/s) 5 10
Roll acceleration 15
(deg/sec2)

Lateral Accelerations 0.1 ' 0.16 0.2
(Gs)

Vertical Accelerations
Vertical (up) 0.05 0.1 0.1
Vertical (down) 0.02 0.3 0.4

Accelerations and Braking 
Normal 0.16 0.2 0.6

Vector Combinations
Lateral/Longitudinal 0.2 0.3 0.6
Lateral/Vertical 0.2 0.3 0.4
Total 0.24 0.36 0.6

Jerk Rates (Gs/sec filtered at 0.3 hr) or JOLT (peak to peak
Gs in 1 sec) 

Lateral 0.07 0.25 0.25
Vertical 0.1 0.3 . 0.3
Longitudinal 0.07 0.25 0.25

A ctual headw ays enroute based on the m axim um  closure rate o f  succeeding consists can be shorter 
under certain conditions and w ill be explored later in the report.

2.4 Summary and Outline of SST Curve Design and Performance Analysis

T he m ethods, original route description, design  specifications and perform ance analyses m entioned  
above are detailed in the fo llow in g  sections o f  this report:

• First, the procedures for develop ing easem ent curves are described in Section  3.

• T he detailed curve designs for D esig n  G oal ride quality and M inim um  R equired ride quality 
specifications are then described in Section  4. T he detailed characterized route is  presented in 
the Appendix.
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• T he veh ic le  and con sist performance over the com plete route, including the pow er, speed  and 
acceleration profiles are then incorporated in the TPC sim ulation. The TPC o v erv iew  is  g iven  
in Section  5 and the results from the sim ulation efforts are then described in Section  6.

• T radeoff analyses are then performed by com paring the e ffects  o f  changes in  pow er, ride quality 
and v eh icle  consist. Section  7 d iscusses the results o f  these tradeoffs, and also  includes  
recom m endations for further im provem ents in route analysis.

• F inally , the A ppendix contains all intermediate route analysis data, such as the route description  
and route characterization.
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1

3. EASEMENT CURVE GENERATION PROCEDURE
7

3.1 Overview
I
( T he developm ent o f  the easem ent curves is  described in the fo llow in g  subsections. First, som e

exam p les o f  the specified  route data are presented. Then, the geom etric com ponents (points, 
tangents, bank angles, spirals, and arcs) o f  the easem ent curves to be d evelop ed  are defined. The 
design  o f  the easem ent curve (spirals) and the m inim uni radius curves (arcs) is  based on the target 
ride quality o f  the system . The equations used  to evaluate these ride quality parameters in the spirals 
and the arcs are then presented. Lastly, the chosen curve design procedure used  to develop  the given

; ; route data is  described.

3.2 Description of the Specified Route Data

, \ The S S T  route specification  13-11 g iv es  the surveying stations for the horizontal and vertical points
o f  intersection  o f  tangents w hich  develop the route. The horizontal points o f  intersection (PI) have 
data defin ing the m inim um  radius at the curve (R in m eters) and deflection  angle (I, in  degrees)

‘ '/ betw een  the surveyed tangents. Table 3-1 g iv es  an exam ple o f  the sp ecified  horizontal data, in  terms
o f  running station (in m eters), show n in a tabular form. For com plete details o f  these specifications, 
see  (3-11 and T ables 17 and 18 in A ppendix A .

For the vertical transitions o f  various segm ents, the station o f  point o f  vertical intersection (PVI), 
elevation  (E L  in m eters), segm ent grade (in percent), and length o f  the vertical curves (LV C  in 
m eters) are provided in  the specifications. Som e exam ples o f  specifica tion s are show n in  
T able 3 -2 .

Figure 3-1 sh ow s data for a typical horizontal PI. The dotted line show s the curve develop ed  to 
a llow  a sm ooth  transition betw een  the tangents.

3.3 Geometric Entities in Easement Curves

1 D uring the process o f  develop ing  the easem ent curves the fo llow in g  sections are defined:

• A  transition spiral (SPIR A L  1) is  introduced near the end o f  the first tangent (T A N G E N T  1).
1 5 SPIR A L  1 has an infinite radius near T A N G E N T  1, w hich reduces to the g iv en  m inim um  radius

R  (as in  T able 3 -1 ) near its end.

• A  m inim um  radius curve w ith constant route data specified  radius (A R C ) is  added at the end o f  
the SPIR A L  1.

i • A  secon d  transition spiral (SPIR A L  2) is  introduced at the end o f  the A R C  connecting near the
end o f  the second  tangent (T A N G E N T  2). SPIRAL 2 begins at the m inim um  radius and increases  
to an infin ite value as it approaches T A N G E N T  2.
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Table 3-1. Examples of Specification of Horizontal Pis

PI No. Station R I PI No. Station R I

1 9,000 400 40 27 231,000 800 70

2 16,000 500 20 28 238,000 900 65

3 22,000 700 30 29 243,000 600 30

- - - - - - - -

- - - - - - - -

- - - - - - - -

23 206,000 500 35 49 420,000 3,000 15

24 212,000 700 15 50 434,000 5,000 10

25 217,000 800 10 51 449,000 8,000 15

26 221,000 1,000 20 52 469,000 10,000 10

Table 3-2. Examples o f Specif ication o f Vertical Intersections

Station EL LVC Grade Station EL LVC Grade

0.0 1,680 0 3.5 236,000 1,865 500 -1.5

10,000 2,050 700 -2.0 245,000 1,730 200 0.0

17,000 1,910 600 2.5 257,000 1,730 500 -3.5

25,000 2,110 600 1.0 262,000 1,555 400 -1.0

- - - - - - - -

- - - - - - - -

- - - - - - - -

215,000 2,085 200 -1.0 459,000 1,490 8,000 1.0

222,000

230,000

2.015

2.015

200

400

0.0

-2.5

475,000 1,650 20,000 0.0
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PI - Point of Intersection of Tangents

Figure 3-1. Typical Point o f Intersection Specification



The specification requires m aintaining the m inim um  radius at each  PI. The above procedure forces  
the easem ent curve design to maintain the radii specified  in the H ypothetical Route Draw ing (3-11 
(see also Table 18 in A ppendix A ). The original T A N G E N T  1 and T A N G E N T  2 are slightly  
shortened to accom m odate the spirals and the AR C . The fo llo w in g  points are also defined to clarify  
the geometry:

• TS - Point betw een T A N G E N T  1 and SPIR AL 1.

• SC - Point betw een SPIR A L 1 and AR C.

• CS - Point betw een A R C and SPIR A L 2.

• ST  - Point betw een SPIR AL 2 and T A N G E N T  2.

Figure 3-2  show s the geom etric entities, T S , SC, C S, ST, T A N G E N T  1, SPIR A L 1, A R C , SPIR AL  
2 and TA N G E N T  2  w hich constitute each o f  the P is  after develop ing  the easem ent curves. Each  
assem bly o f  these entities is  termed an E asem ent curve (or Transition curve) in this report.

L o s s  o f  S ta tio n in g

There is  a lo ss  o f  stationing (distance) at each PI due to the rounding o f  the com er. The sum  o f  
segm ents shown in  Figure 3 -2  w ill be slightly  sm aller than the sum  o f  tangents show n in Figure
3-1 . This loss is  considered in  defining the stationing o f  all points defining the easem ent curves. The 
cum ulative lo ss  o f  stationing totals a few  kilom eters in length  for  the characterized SST  routes,

3.4 Normal Speeds and Accelerations in Easement Curves

T o negotiate the easem ent curves, the veh icle  is  decelerated ahead o f  the TS point w ithin the first 
tangent segm ent (T A N G E N T  1). The veh icle  enters the SPIR A L 1 w ith  Vts speed at point T S . The 
deceleration continues until the veh icle  reaches the point SC w here its speed is  V sc. In the A R C  the 
speed is  maintained at V Sc until the point ST is  reached. T he v eh icle  then accelerates to its fu ll speed  
o f  134.1 m /sec. D ue to the curve design  procedure used, the speed  at point ST  autom atically reaches 
Vts- Figure 3-3 show s typical speed and acceleration profiles in  an easem ent curve.

3.5 Description of the Bank Angles

T o achieve the specified  acceleration lim its for passenger com fort w h ile  m axim izing veh icle  
perform ance, the veh icle  requires banking at each curve. This banking is  achieved by  a com bination  
o f  veh icle  tilting and gu idew ay superelevation as show n in  Figure 3 -4 . The lateral and vertical 
accelerations are functions o f  this total bank angle.

T ypically , the gu idew ay easem ent curves are designed  such that there is  no guidew ay banking in  
the tangent sections. Banking starts as the veh icle  enters the easem ent curves. The ride com fort 
lim ited  roll and roll acceleration rates are m aintained during the transition. The veh icle  reenters the 
tangent section after transition, w ith zero bank angle. The excep tions to this rule are severe curves  
w ith  sm all deflection  angles (I). In these locations a banking o f  the v eh icle  in the tangent section  is  
required to traverse the sharp radius at m axim um  speed.

In situations where the g iven  curve radius is  sm all, the required bank angle is  high. I f  deflection  
angles required for  such curves are also sm all, then the route design  w ill exceed  the specified  
deflection  in the distance required to com plete banking and unbanking. A  solution  to this type o f  
problem  is  to introduce som e veh icle  tilting prior to the TS point. In tangent sections the v eh icle  can  
be banked to 5 .7 ,9 .2  or 11.5 deg w ithout violating “D esign ,” “M in  R eqd,” or “Seat-belt” accelera
tion lim its, respectively . This banking o f  the veh icle  in  the tangent segm ent before entry to the spiral
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Figure 3-2. Geometric Entities o f an Easement Curve



Curve Design at Sta. 9000

Figure 3-3. Typical Speed and Acceleration Profiles in an Easement Curve
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I

F ig u r e  3 -4 .  B a n k in g  o f  V e h ic le  a n d  G u id e w a y

is  termed “prebanking” here. Figure 3-5 show s the effect o f  using prebank to reduce the deflection  
angle.

I f  the veh icle  is  prebanked before entry into a transition spiral, then the rolling required in the spiral 
section  is reduced. T h is reduces the transition spiral length, w hich  reduces the deflection  angle in 
a curve, as show n in Figure 3-5. The disadvantage o f  prebanking is the introduction o f  several 
changes in sign  in the lateral accelerations during easem ent curve negotiation. This m ay deteriorate 
the ride quality and hence m ay not be satisfactory, unless m axim izing the V sc is the m ain goal. 
Prebanking has been introduced in many instances o f  curve design in the SST  route characterization, 
because o f  the severe nature o f  many curves.
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Figure 3-5. Reducing Deflection Angle Using Prebanking



3.6 Description of Spirals

Sym m etric cub ic parabolas (3-2) have been used to develop entry and ex it spirals in the easem ent 
curves. T he cubic parabola com m only used in railroad design has fo llow in g  convenient points for 
m easuring and lay in g  out the geom etry in the field:

• O ffsets from  tangents vary as the cube o f  distance.
• M idordinates increase at a constant rate.
• D eflec tio n  angles vary as square o f  distance.
• D egree o f  spiral increases at a uniform rate.

It is  assum ed that to develop  the easem ent curve geom etry “analysis o f  a point in m otion” w ill be 
acceptable. It is  a lso  assum ed that the tw o w ay traffic m ay be required at all curves and thus they  
need to be sym m etric in  design . In addition to the curve design ride quality checks, a detailed veh icle  
m otion ride quality analysis is  performed (see Part II). In actual practice the passenger com fort lev e l 
can be im proved using the veh icle  control system .

In traditional railroad engineering the bank angles are sm all. The m ore ea sily  m easurable 
parameter is  the superelevation (difference in height o f  rails). This is  not a convenient m easure in  
the M aglev  concept because o f  the detailed analysis required for evaluating acceleration com ponents  
at all location s in  the curve. T o evaluate the acceleration com ponents at all points in the spiral, bank  
angles are m ore conven ien t parameter for M aglev  guidew ay design.

3.7 Evaluation of Acceleration in Curves

E asem ent curves are analyzed for ride quality using equations o f  circular m otion. For the purposes 
o f  curve develop m ent it is  assum ed that at any point in the transition curve the bank angle and the 
veh icle  speed are fixed .

Figure 3 -6  sh ow s the forces acting on a body (passenger) w h ile  in a turn. A  right handed 3-D  
coordinate system  is  used  to evaluate the forces. P ositive Z  is  considered the direction o f  v eh icle  
m otion. The fo llo w in g  sym b ols are used:

Figure 3-6. Forces Acting on a Passenger in a Curve
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0  =  Ivstantaneous bank angle
Rh  =  Instantaneous horizontal radius
R y  =  Instantaneous vertical radius
m =  P assenger m ass
g =  A cce l due to gravity
X Y Z  =  G lobal coordinate system
x y z  =  Rotating coordinate system  >
A]at =  Lateral accelerations in G ’s 
Avert =  V ertical accelerations in G ’s.

In the state o f  equilibrium  the sum o f  com ponent forces, w h ich  is  zero, can be written as:

2  2
E F  =  -m g sin0 +  cos9  - F  sin0 =  0

X R h  bx R v

2 2
E F  =  -F. +  m g cos0 + ^ — sin0 +  ^ — cos0 =  O' 

y by R h  R v

From the above equations, the com ponents o f  accelerations acting on the passenger can be 
determ ined from  the seat forces Fbx and Fby) acting on the passenger. The lateral acceleration in  G ’s 
is

I

if v !

A  = — =  -sin0  +  — — cos0  - — — sin0  
lat g gR xH °  V

The vertical acceleration in G ’s is

A  _  =  7" =  +  co s0  +  — — sin0 +  — — co s0  
vert g gR

H gR V
T hese equations consider the sign  convention  o f  R y  to be negative cresting. I f  the sign  convention  

o f  R y  is  taken p ositive  cresting then the above acceleration equations can be written as:

A  =  -sin0  +  — —  
lat gRjj

COS0 +
gR X

-sin 0

A  _  =  cos0  +  „  vert gR.

2 2 
v  sin0  - - 7:— c o s0  

H gR V
.Both sign  conventions are com m only  used by various d iscip lines. S ince the hypothetical route 

drawing only spec ifies L V C  and grades, any sign  convention  can be used.

The acceleration along z-axis is  term ed norm al acceleration (A n0rm)- The ride quality evaluation  
needs com puting all three acceleration com ponents ind ividually  and A iat/Anonn> A iat/AVert and the 
vector sum o f  all three com ponents. C hecks are required at all curves during transition curve design  
to permit m axim um  veh icle  speed w h ile  m aintaining the ride quality specified  in the gu idelines. The 
speed-bank angle-acceleration relationships described in this subsection w ere incorporated as an 
integral part o f  the com puterized route design  process.

The desired M aglev  perform ance requirem ents o f  h igh  speed w ith acceptable lev e ls  o f  passenger  
com fort generally require very large radius turns and/or large total bank angles. Large bank angles 
m ay be required to satisfy  both the perform ance and ride quality requirem ents even  w ith radii in  the 
range found in the SST  route.

1 !/ ;
O.J

1 i
L-J

L I
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G enerally, how ever, these bank angle requirem ents cannot be satisfied  by  superelevation alone. A  
large superelevation (20 deg or m ore) becom es difficu lt for m aintenance v eh ic le s  and personnel to 
negotiate sa fely , and requires a high m inim um  veh icle  speed for passenger com fort. Further, high  
superelevation can adversely affect the v eh ic le ’s stability and safety o f  egress w h en  stopped on a turn.

D esig n  studies w ere undertaken to determine the effects on performance o f  com bined superelevation  
and v eh icle  tilting, using the fo llow in g  practical lim its for bank angle:

• G uid ew ay superelevation lim ited to 12 to 18 deg.

• V eh ic le  tilting to supply an additional 10 to 12 deg, y ield ing an upper lim it for  total bank angle 
o f  approxim ately 30  deg.

The preceding equations were used to then illustrate the relationship betw een  speed, bank angle  
and acceleration. T he results o f  this study are show n in Figures 3 -7  to 3 -9 , w hich  p lot the acceleration  
lev e ls  ach ieved  in  turn radii o f  500m , 1,000m  and 2 ,000m , respectively. The results show , for  
exam ple, that in  a 500m  radius turn with the “D esign  G oal” ride quality lim its, the m axim um  speed  
at 30  deg o f  bank is  lim ited  to less  than one h alf the design  cruise speed o f  134 m /s. A t greater speeds, 
the passenger acceleration lev e ls  becom e unacceptable. Even in the larger radius turns, the cruise  
speed cannot be m aintained w ithout violating one or more o f  the desired lim its on passenger  
acceleration. The m inim um  turn radius required to maintain cruise speed at 30  deg o f  bank w ithout 
ex ceed in g  the “D esig n  G oal” lev e ls  o f  passenger com fort is  approxim ately 2 ,825m  (9 ,367  ft).

It is  interesting to note that further increases in bank angle beyond 30  deg do not appreciably 
increase the a llow able veh icle  speed. For exam ple, based on the vector sum  lim it o f  0 .2g  the 
m axim um  speed  in  the 2 ,000m  turn at 30 deg o f  bank is  approxim ately 113 m /sec . Increasing the 
bank angle to get to the m axim um  speed a llow ed  by the 0 .2g  vector sum  lim it (at 3 3 .6  deg) w ill

V(m/s)

R = 500m

Figure 3-7. Relationship between Speed, Bank Angle and G-Load, R  =  500m
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V(m/s)

R = 1000m

99-DOT-9399-7

Figure 3-8. Relationship between Speed, Bank Angle and G-Load, R =  1,000m

R = 2000m

Figure 3-9. Relationship between Speed, Bank Angle and G-Load, R =  2,000m
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increase the m axim um  speed to only 114 m /sec , a change o f  le ss  than 1 percent. A n y  further increases 
in  speed  w ou ld  com e at the expense o f  passenger com fort. Sim ilar results are obtained at other turn 
radii.

3.8 Ride Quality Parameters

T he ride quality specifications im pose geom etric lim itations on the gu idew ay design , particularly 
due to the lim its on the bank angles. The bank angles and subsequently, the spirals and arc at each  
PI w ill  be geom etrically  unique for each different ride quality leve l. Separate routes w ere designed  
for each ride quality (see Table 2 -1 ). This permitted tradeoff analyses for system  perform ance and 
construction co st estim ations. The fo llow in g  tw o ride qualities were used to design  the curves for 
SST  sim ulation.

"Design Goal” Ride Quality

W hen the design  goal ride quality specifications, as listed in Table 2 -1 , are used as lim its, the 
gu idew ay bank angle is  lim ited  to 24  deg. This lim it i s  reached in m ost cases excep t where the 
deflection  angles are very sm all, or in situations where prebanking w as introduced to ach ieve better 
perform ance. The roll rate reaches 5 deg/sec in the spiral during entry and ex it. This is  further 
controlled by  the roll acceleration lim it o f  15 d eg/sec2. In negative g  situations the vertical g  is  lim ited  
to 0 .9 5 g  (0 .0 5 g  up). In p ositive  g  situations the vertical g  is  lim ited to 1.2g (0 .2 g  dow n). B oth  the 
lateral and vertical jerk lim its were checked to be consistent with the D esig n  G oal ride quality 
specification s. Norm al acceleration and deceleration o f  0 .1 6g is  used  for m axim izing  spiral 
perform ance. A  jerk lim it o f  0 .0 7 g  is used during TPC runs.

“Minimum Required” Ride Quality

W hen the m inim um  required ride quality specifications, as listed  in T able 2 -1 , are used  as lim its, 
the gu id ew ay  bank angle is  lim ited  to 30 deg. The roll rate reaches 10 d eg /sec  in  the spiral during 
entry and e x i t  T h is is  controlled by the roll acceleration lim it o f  30  d eg /sec2. T his lim it w as 
introduced for consistent design  approach, though not required in the specifications. In negative g  
situations the vertical g  is  lim ited to 0 .9g  (O .lg up). In positive g  situations the vertical g  is  lim ited  
to 1 .3g (0 .3 g  dow n). B oth  the lateral and vertical jerk lim its were checked  to be consisten t w ith  the 
M inim um  Required ride quality specifications. Norm al acceleration and deceleration o f  0 .2g  is  used  
for m axim izing  spiral perform ance. Jerk lim its o f  0 .07g  and 0 .2 5 g  are used during TPC runs.

Curves Comparison

T he curves for individual ride qualities have different m axim um  bank angles, d ifferent roll rates 
and also  different roll acceleration rates. The spiral entry and m inim um  curve speeds are also  
different in  each ride qualities category. Each curve is designed sem iautom atically  using human  
interactive optim ization approach. Figure 3 -10  show s the plan v iew  o f  tw o horizontal curves for  
D esig n  G oal ride quality (noted with superscript 0) and M inim um  Required ride quality (noted with  
superscript 1) specifications. In general, it has been found that the m ore aggressive  ride quality  
results in  shorter spirals and longer arc section  at the easem ent curve.

3.9 Easement Curve Design Procedure

T he easem ent curve design  steps can be sum m arized as:

• D esig n in g  the blending spirals (SPIR A L 1 and SPIRAL 2).

• D ev e lo p in g  the required m inim um  radius curve (ARC).
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Figure 3-10. Comparison o f Schematic Curves Layouts Optimized fo r Ride Quality
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• O ptim izing the easem ent curve for m axim um  veh icle  speed w ithin the a llow able ride quality  
guidelines.

3.10 Spiral Design Procedure

The spiral design  procedure can be divided into the fo llow in g  three sim pler steps.

• Find curve bank angle ranges for all curve speeds, and se lect a bank angle and a speed  for each  
curve.

• D eterm ine the tim e to com plete banking to the selected curve bank angle.

• C alculate spiral length and spiral entry speed, g iven  the spiral ex it speed and the tim e to negotiate  
the spiral.

Bank Angle Ranges

In the first step, using the desired acceleration lim its, the allow able veh icle  speed and bank angles  
are evaluated. T h is is  done using uniform circular m otion equations. The e ffect o f  the vertical radius, 
is  also considered w herever necessary, such as PI N o . 5 at station 4 0 ,0 0 0  w here both vertical and 
horizontal transitions occur. This study sum m arizes the speed range a llow ed  for any g iv en  bank 
angle.

Time to Complete Banking

In the secon d  step, the m axim um  curve bank angle (0max) and m axim um  v eh icle  speed for a curve

(V Sc) are se lected . From  the roll rate (0 )  and roll accel (0 ) lim its, the tim e (ts) to com p lete  m axim um  
banking (0max) is  evaluated. T his controls the m inim um  length a llow ed  for the transition spiral for  
the se lected  banking angle (0max)- T his m inim ization o f  the spiral length is  im portant as the cost o f  
lay in g  out a curved section  w ill be higher than the cost o f  lay ing  out a tangent section . Thus, the ts 
w ill be:

ts =  t l + 12 + 13

where:

t i  =  T im e to reach m ax roll rate (0 ) using the roll accel (0 )

t2  =  T im e to ro ll at 0 to ach ieve ©max

t3 =  T im e to decrease roll rate to zero, using the roll accel (0 )

Figure 3-11 sh o w s the roll rates and roll acceleration profiles used to ach ieve the required bank 
angle at each curve:

T he roll rates o f  Figure 3-11 define the profile o f  the bank angles in the easem ent curve as show n  
in Figure 3 -12 .

Spiral Length and Spiral Entry Speed

H aving know n the m axim um  speed (V sc) in the m inim um  specified  radius portion o f  the curve and 
the tim e required to traverse the spiral (tb), the spiral entry speed (Vts) can be evaluated for a g iven  
norm al acceleration  (an):
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Vts = Vsc + an • tb.

The three steps above provide the initial curve design. The following data are now evaluated:

• M inim um  Spiral (at m inim um  R J  speed (V sc).
• M axim um  veh icle  bank angle (q M).
• Length o f  the transition spiral (L ) .
• Spiral entry veh icle  speed (V te).

3.11 Arc Design Procedure

A t each curve the spirals are connected with an arc w h o se  radius is  the m inim um  radius defined  
in  (3-11 (H ypothetical R oute D raw ing). The length o f  this arc determ ines the total deflection  angle  
required at each PI. The guidew ay is banked to a constant angle equalling the m axim um  angle o f  the 
connecting spiral. The theoretical speed o f  the veh icle  is  deem ed to be constant w h ile  traversing the 
arc. From the design o f  the spiral described above, the fo llo w in g  arc parameters are known:

• The allow able veh icle  speed (V s ).
• The m axim um  veh icle  bank angle (q ).

This set o f  data is  su fficient to use w ell-know n easem ent curve equations o f  W . H ay (3-2) for 
evaluating the arc length (Lc) w hen deflection  angle (I) is  know n. O nce Ls and L c are know n the 
stationing loss due to the use o f  an easem ent curve is  also know n.

3.12 Optimizing Curves for Maximum Speed

In m any P is  the above procedure is  su fficient to design  the spirals and arc w ithin the g iven  
constraints. A  check  is  nevertheless required to see i f  any o f  the accelerations lim its (Table 2 -1 ) are 
violated. A ny such v io lations are nullified  by reducing die arc speed (Vsc)- A n y adjustment in V sc 
also changes Vts- In som e instances, adjustments in  the bank angle are also required to ach ieve the 
g iven  deflection angle (I). T hese adjustments change all parameters o f  the easem ent curves including  
lengths, speeds, accelerations and jerk. H ence, to achieve m axim um  speed at any easem ent curve, 
develop ing an optim ized curve design becom es necessary. Som e or all o f  the fo llow in g  data m ay  
be reevaluated w hen  the above adjustments are com pleted:

• R evised  m axim um  bank angle ( q ^ ) .
• R evised  Arc Speed (V s ).
• R evised  Spiral E n ergyS p eed  (V te).
• R evised  Spiral Length (Ls).
• R evised  Arc Length (Lc).
• R evised  L ost Stationing (Lj).

T hese revised data constitute the parameters o f  the com pleted  easem ent curve. From the above data 
one can plot the speed and acceleration profiles for each easem ent curve. A  sem iautom atic procedure 
has been developed to speed this iterating design process.

3.13 Curving Performance Analysis

T he curving perform ance analysis is  done in tw o parts, as clarified  earlier. The first part in v o lves  
checking the specified  ride qualities are not exceeded  during the curve design phase. The second  part 
in v o lves carrying out detailed ride quality analysis using M A G SIM  software for four sections o f  the 
characterized route. The first part o f  carrying out the sp ecified  ride quality checks during in itial spiral 
design  phase are illustrated here using tw o exam ples.



Example 1

Each curve m ust have accelerations and jerks/jolts w ithin the curving perform ance lim its defined  
in  T able 2 -1 . T his is  checked during the initial spiral design phase. T he analyses are carried out using  
uniform  circular m otion  equations described earlier. The radius at any point in  the spiral has been  
taken to be inversely  proportional to its distance from TS, w hich  is  a standard practice in evaluating  
easem ent curve geom etry. T he speeds are dictated by the norm al acceleration lim its. Figure 3-13  
sh o w s one o f  such checks carried out at PI N o . 10 for M inim um  R equired ride quality specifications.

T his exam ple studies the traversal o f  the veh icle  from the m inim um  radius point at CS to the tangent 
section  ST  w h ile  traversing the SPIR A L 2 in  the easem ent curve. Such checks have been carried out 
at all points o f  interest for both ride quality specifications. It can be observed that all accelerations 
are w ithin that specified  in the M inim um  Required ride quality.

Example 2

A nother exam ple o f  such static study done at PI 26 for D esign  G oal ride quality is  presented in the 
tabular form  b elow . T his exam ple a lso  studies the traversal o f  the v eh icle  from  the m inim um  radius 
point to the tangent section  w h ile  traversing the spiral in the easem ent curve. Table 3 -3  sh ow s the 
change in distance in m eters, horizontal radius in meters, bank angle in degrees, speed in m /sec, 
lateral acceleration in  g ’s, vertical acceleration in g ’s, vector com binations o f  lateral and longitudinal 
accelerations in g ’s, com bination o f  lateral and vertical accelerations in g ’s, total acceleration in  g ’s, 
lateral jerk in g ’s/sec , and vertical jerk in g ’s/sec. It show s the radius variation from  1,000 to 36 ,633m  
in 5 sec , and the speed changes from 73 to 80.8  m /sec during that period. T he bank angle decreases  
to alm ost zero in 5  sec.

111-DOT-9399-5

Figure 3-13. Example o f Time versus Accels in a Spiral
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Table 3-3. Example o f a Curving Parameters Check (PI26)

Time
(sec)

Distance
(m)

RH
(m)

Bank
(deq)

Speed
(m/sec)

Accel 
Lat (q)

Accel 
Ver (q)

0 0 1,000.0 24 73 0.078 0.159

1 73.8 1,229.4 19.8 74.6 0.085 0.124

2 149.1 1,605.6 14.8 76.1 0.092 0.089

3 226.1 2,334.9 9.8 77.7 0.084 0.061

4 304.6 4,352.0 4.8 79.3 0.060 0.041

5 384.6 36,633.1 0.5 80.8 0.009 0.033

Time Accel Accel Accel Jerk Lat Jerk Ver
(sec) Lt/Ln (q) Lt/Vt (q) Total (q) (q/sec) (q/sec)

0 0.178 0.178 0.239 - -

1 0.181 0.150 0.219 0.007 -0.035

2 0.185 0.128 0.205 0.007 -0.035

3 0.181 0.103 0.190 -0.008 -0.028

4 0.171 0.072 0.176 -0.024 -0.020

5 0.160 0.035 0.164 -0.051 -0.008

A m ong the com fort parameters, the lateral acceleration is  a lw ays w ithin the stipulated 0.1 G ’s. The  
m axim um  lateral acceleration is  fe lt  in  the m iddle o f  the spiral. T he vertical acceleration is  also  
w ithin the stipulated 0.2 G ’s. The m axim um  value vertical acceleration is  fe lt at the m inim um  radius 
portion o f  the curve. A ll the vector com binations o f  accelerations are also w ithin lim its. The jerks 
in  both lateral and vertical directions are w ithin the sp ecified  lim its. Figure 3 -1 4  is  the graphical 
representation o f  som e o f  the data in Table 3-3 .

It is  possib le that the dynam ic study (see Part II) w ill reveal problem s in com fort lev e l due to the 
dynam ic evaluation o f  jerk rates. In such  cases, corrections in veh ic le  banking and dam ping should  
rectify  the problem s. In w orst cases, som e loca l corrections in the curve design m ight be essential. 
T he effect o f  such changes in the TPC sim ulation runs w ill be n eg lig ib le . Several test runs w ere  
carried out using slight changes in  accelerations. T hese runs revealed that the effects in the veh icle  
perform ance due to such adjustm ents w ill be less  than 1 percent in trip tim e.

In addition to adjustment in gu idew ay geom etry, the bank angles can also be actively  controlled. 
T his w ill im prove the jerk values w ithout changing the veh icle  speed/tim e perform ance. The details 
o f  such studies w ere considered to be beyond the scope o f  current sim ulation requirem ents. 
H ow ever, the longitudinal jerk lim its w ere autom atically controlled during TPC sim ulations.
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Figure 3-14. Time versus Spiral Ride Quality Parameters at PI26
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3.14 Summary

T he com plete procedure used to develop  P is  into easem ent curves has been described. The 
standard procedure described by W . H ay to develop  easem ent geom etry in railw ay engineering has 
been used to evaluate arc lengths for g iven  deflection  angles. The difference here is  in  the use o f  bank  
angles, roll rates, and roll accelerations required in  traversing the spirals and evaluation o f  com fort 
lev e l during curve traversing. The procedure to use these parameters has also been described in 
detail. F inally, the acceleration/jerk/jolt checks have been done using sem i-autom ated analysis by  
so lv in g  equations o f  circular m otion listed  earlier. The ride quality analyses w ere done using the 
M A G SIM  sim ulation program o f  Dr. F. B lader, using dynam ic m odeling  m ethods. The detailed  
studies o f  the four sections o f  the route required by  the G overnm ent and carried out by Dr. B lader  
are presented in Part II o f  the report. The detailed geom etric properties o f  the spirals and the arcs 
designed using the procedure described earlier is  presented in the n ext section .
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4. R O U T E  C H A R A C T E R I Z A T I O N

The route characterization in vo lves breaking up the SST  route into individual segm ents w h ose  
geom etric characteristics, grades, and speed profiles are defined by  num eric input for the TPC  
sim ulation program. T he segm ents consist o f  tangents, spirals and arcs. The procedures d iscussed  
in the preceding section  are fo llow ed  to design the segm ents.

T hough a generalized  S S T  route could be designed fbr all three ride com fort specification s, the 
route w ou ld  not be optim ized for maxim um  performance for any o f  the g iven  specifications. Thus, 
a separate se t o f  transition curves were developed for each o f  the curving perform ance requirem ents.

The route characterization procedure is  broken into the fo llo w in g  steps:

• H orizontal curve outlining.
• H orizontal detailing.
• V ertical detailing.
• C om bining the horizontal and vertical details.
• Converting the data to the TPC input format.

4.1 Horizontal Curve Outlining

T o  carry out the horizontal outlining, detailed transition curves have been  designed for each  o f  the 
points o f  intersection in the SST route. T his outline, detailing final geom etric and speed data required 
for each PI, for  D esig n  G oal ride quality requirem ents is  tabulated in Table 4 -1 . The units are in  
m eters, degrees, and m /sec . A  sim ilar tabulation for M inim um  Required ride quality specification s  
is  show n in  T able 4 -2 .

4.2 Horizontal Detailing

H orizontal detailing w as carried to generate the individual segm ents from the H orizontal outline. 
The sp ecified  stations are converted to the actual distance to be traveled by the veh icle . T able 4-3  
sh ow s the data generated for first three points o f  intersections from  the curve outlining for design  
goals ride quality specification s. The sym bols used in these tables refer to the fo llow ing:

R M inim um  curve radius
I D eflec tio n  angle
L s Spiral length
Lc M inim um  radius curve (arc) length
L l Stationing lo ss  due to curve introduction
V ts Spiral entry speed
V sc Spiral ex it  speed

.
Prebank angle in degrees

fynax M axim um  banking in spiral



Table 4-1. Curve Outlining for Design Goal Specifications

PI# Station R I Ls Ll Vts V Sc BP ®max
1 9000 400 40 205.2 74.1 7.3 52.9 46.4 sTo 19.0 ,
2 16000 500 20 165.4 9.1 1.2 52.2 47.0 5.7 15.0 V J
3 22000 700 30 281.2 85.2 5.4 68.3 61.5 4.0 20.0
4 33000 1000 50 333.2 539.4 32.0 80.3 73.5 4.0 20.0
5 40000 600 90 309.7 632.8 135.1 64.4 56.3 0.0 24.0 \ -i
6 54000 800 40 353.8 204.7 14.0 73.0 64.9 0.0 24.0
7 62000 600 10 97.4 7.3 0.2 47.4 44.0 4.0 9.0 -
8 72000 900 50 375.4 410.0 29.8 77.2 69.1 0.0 24.0
9 81000 1000 40 395.4 302.7 17.0 81.1 73.0 0.0 24.0 1 !

10 96000 600 20 209.2 0.2 1.5 56.3 50.1 0.0 18.0
11 101000 500 50 279.9 156.4 17.7 58.6 50.5 0.0 24.0 i i12 107000 600 85 306.6 583.5 110.4 63.8 55.7 0.0 24.0 i i
13 117000 800 20 240.3 39.0 1.9 64.2 58.0 0.0 18.0
14 124000 700 40 331.3 157.4 12.5 68.6 60.5 0.0 24.0 i f
15 132000 700 70 261.4 593.8 65.2 66.5 60.0 5.0 19.0
16 144000 1000 40 395.4 302.7 17.0 81.1 73.0 0.0 24.0 ! 1
17 154000 1000 10 128.8 45.7 0.3 62.1 58.7 5.0 9.0
18 166000 800 15 193.8 15.6 0.8 64.3 59.4 5.0 14.0 1 1 ,1 ,
19 173000 600 30 313.8 0.4 5.2 65.2 57.1 0.0 24.0
20 182000 1000 30 395.4 128.2 7.6 81.1 73.0 0.0 24.0
21 188000 900 10 137.7 19.3 0.3 60.9 57.2 5.0 10.0 1 f22 198000 1000 20 334.1 15.0 2.5 80.5 73.7 5.0 19.0 1
23 206000 500 35 279.9 25.5 6.6 58.6 50.5 0.0 24.0
24 212000 700 15 181.6 1.7 0.7 60.4 55.5 5.0 14.0
25 217000 800 10 130.3 9.4 0.2 57.7 54.0 5.0 10.0 5 1

S i,
26 221000 1000 20 395.4 826.3 93.7 81.1 73.0 0.0 24.0 ; V
27 231000 800 70 353.8 623.6 75.8 73.0 64.9 0.0 24.0
28 238000 900 65 375.4 645.6 66.7 77.2 69.1 0.0 24.0 /■ r
29 243000 600 30 306.6 7.6 5.1 63.8 55.7 0.0 24.0 !: p
30 256000 1000 30 395.4 128.2 7.6 81.1 73.0 0.0 24.0
31 262000 800 20 269.4 9.9 2.0 71.6 65.4 5.0 18.0
32 273000 700 30 331.3 35.3 5.8 68.6 60.5 0.0 24.0 /

33 278000 700 40 331.3 157.4 12.5 68.6 60.5 0.0 24.0 V
34 285000 600 40 306.6 112.3 11.0 63.8 55.7 0.0 24.0
35 294000 800 35 353.8 134.9 9.7 73.0 64.9 0.0 24.0 \\ j
36 304000 1000 15 235.1 26.7 1.0 73.1 67.9 5.0 15.0 1 1'
37 313000 1000 20 334.1 15.0 2.5 80.5 73.7 4.0 20.0
38 324000 1000 15 235.1 26.7 1.0 73.1 67.9 5.0 15.0
39 333000 900 10 122.4 34.7 0.3 59.1 55.7 5.0 9.0 i i \ |
40 340000 900 25 375.4 17.3 4.4 77.2 69.1 0.0 24.0 v
41 350000 1000 10 145.0 29.6 0.3 64.0 60.3 5.0 10.0
42 356000 800 5 52.1 17.7 0.0 46.9 45.1 5.0 4.0 > i43 365000 900 20 302.3 11.8 2.2 76.4 69.9 5.0 19.0 l J
44 373000 1000 60 395.4 651.8 57.3 81.1 73.0 0.0 24.0
45 380000 700 45 331.3 218.5 17.5 68.6 60.5 0.0 24.0 1 i
46 388000 800 30 353.8 65.0 6.4 73.0 64.9 0.0 24.0 )
47 398000 1000 10 161.9 12.7 0.3 65.9 61.9 5.0 11.0
48 405000 1200 25 432.9 90.7 5.4 88.4 80.3 0.0 24.0
49 420000 3000 15 676.2 109.2 3.0 134.1 127.7 0.0 24.0 >
50 434000 5000 10 598.7 274.0 1.3 134.1 134.1 0.0 20.1 v ^
51 449000 8000 15 397.3 1697.1 6.1 134.1 134.1 0.0 12.9
52 469000 10000 10 328.2 1417.1 2.3 134.1 134.1 0.0 10.4 1 j

1
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Table 4-2. Curve Outline for Minimum Required Specifications

PI# Station R I LS LC Ll Vts v sc BP Smax
1 9000 400 40 190.9 88.4 7.2 60.5 54 0.0 30.0
2 16000 500 20 154.5 20.1 1.2 65.9 61.1 9.0 21.0
3 22000 700 30 251.9 114.6 5.2 78.8 72.3 0.0 30.0
4 33000 1000 50 298.9 573.8 31.6 92.9 86.4 0.0 30.0
5 40000 600 90 232.2 710.2 132.4 72.9 66.4 0.0 30.0
6 54000 800 40 268.6 289.9 13.2 83.8 77.3 0.0 30.0
7 62000 600 10 103.3 1.4 0.2 62.3 59 9.0 13.7
8 72000 900 50 284.2 501.2 28.6 88.5 82 0.0 30.0
9 81000 1000 40 293.6 404.6 16.1 91.3 0 0.0 30.0

10 96000 600 20 168.8 40.6 1.4 71.8 67 9.0 21.0
11 101000 500 50 213.2 223.1 16.6 67.2 60.7 0.0 30.0
12 107000 600 85 233.2 290.4 19.6 73.2 66.7 0.0 30.0
13 117000 800 20 268.6 10.7 2.0 83.8 77.3 0.0 30.0
14 124000 700 40 251.9 236.8, 11.7 78.8 72.3 0.0 30.0
15 132000 700 70 250.9 604.3 65.0 78.5 72 0.0 30.0
16 144000 1000 40 298.9 399.2 16.2 92.9 86.4 0.0 30.0
17 154000 1000 10 167.9 6.7 0.3 80.8 76.6 5.0 18.0
18 166000 800 15 192.1 16.9 0.8 78.5 73.5 0.0 30.0
19 173000 600 30 233.2 80.9 4.6 73.2 66.7 0.0 30.0
20 182000 1000 30 298.9 224.7 7.0 92.9 86.4 0.0 30.0
21 188000 900 10 149.0 8.0 0.3 75.3 71.3 5.0 22.0
22 198000 1000 20 298.9 50.2 2.3 92.9 86.4 0.0 30.0
23 206000 500 35 213.2 92.2 6.0 67.2 60.7 0.0 30.0
24 212000 700 15 180.6 2.7 0.7 73.8 68.8 5.0 22.0
25 217000 800 10 138.9 0.8 0.3 71 67 5.0 16.8
26 221000 1000 20 298.9 922.8 91.8 92.9 86.4 0.0 30.0
27 231000 800 70 268.6 708.8 74.0 83.8 77.3 0.0 30.0
28 238000 900 65 284.2 736.8 65.1 88.5 82 0.0 30.0
29 243000 600 30 233.2 80.9 4.6 73.2 66.7 0.0 30.0
30 256000 1000 30 298.9 224.7 7.0 92.9 86.4 0.0 30.0
31 262000 800 20 264.9 14.4 2.0 82.7 76.2 0.0 30.0
32 273000 700 30 251.9 114.6 5.2 78.8 72.3 0.0 30.0
33 278000 700 40 251.9 236.8 11.7 78.8 72.3 0.0 30.0
34 285000 600 40 233.2 185.6 10.2 73.2 66.7 0.0 30.0
35 294000 800 35 268.6 220.1 9.0 83.8 77.3 0.0 30.0
36 304000 1000 15 216.1 45.8 1.0 91.2 86.4 9.0 21.0
37 313000 1000 20 298.9 50.2 2.3 92.9 86.4 0.0 30.0
38 324000 1000 15 216.1 45.8 1.0 91.2 86.4 9.0 21.0
39 333000 900 10 149.3 7.8 0.3 79.1 75.3 9.0 16.0
40 340000 900 25 284.2 108.5 3.9 88.5 82 0.0 30.0
41 350000 1000 10 173.0 1.5 0.3 85.5 81.4 9.0 17.4
42 356000 800 5 69.4 0.4 0.0 62.9 60.7 9.0 7.9
43 365000 900 20 284.2 29.9 2.2 88.5 82 0.0 30.0
44 373000 1000 60 298.9 748.3 55.8 92.9 86.4 0.0 30.0
45 380000 700 45 251.9 297.9 16.5 78.8 72.3 0.0 30.0
46 388000 800 30 268.6 150.3 5.8 83.8 77.3 0.0 30.0
47 398000 1000 10 170.7 3.8 0.3 84 79.9 9.0 17.5
48 405000 1200 25 326.6 197.0 5.0 101.2 94.7 0.0 30.0
49 420000 3000 15 447.0 338.4 2.6 134.1 134.1 0.0 30.0
50 434000 5000 10 299.5 573.2 1.2 134.1 134.1 0.0 19.0
51 449000 8000 15 219.0 1875.4 6.1 134.1 134.1 0.0 13.0
52 469000 10000 10 219.0 1526.3 2.2 134.1 134.1 0.0 13.0
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Table 4-3. Horizontal Detailing Example for Design Specifications LXT

|

H y p o t h e t i c a l  M a g le v  R o u t e

1

V e r s i o n 1 i

A c c e l e r a t i o n s ( g )  L i m i t s :
L a t e r a l + / -  . 1
V e r t i c a l 0 . 9 5  t o 1 . 2 R o l l R a t e 5 i
d e g / s e c  
N o r m a l + / - 0 . 1 6 R o l l A c c e l 1 5 ij j
d e g / s e c " '2 n

S t a t i o n D e s c r i p t i o n T a r g e t T a r g e t  T a r g e t

< '
11

T r g t S p e e d
N am e D i s t . ( m ) R a d i u s ( m )  G r a d e (%) (MPS) i :i *

0 T e r m i n a l  # 1 0 . 0 3 . 5 0 0 . 0
8 7 5 8 TS a t P I # 1 8 7 5 0 . 5 3 . 5 0 5 2 . 9
8 9 6 3 SC a t P I # 1 8 9 5 5 . 6 4 0 0 3 . 5 0 4 6 . 4 , 1 4 i
9 0 3 7 CS a t P I # 1 9 0 2 9 . 7 3 . 5 0 4 6 . 4
9 2 4 2 ST a t P I # 1 9 2 3 4 . 9 3 . 5 0 7 8 . 9

i
1 5 8 3 0 TS a t P I # 2 1 5 8 1 4 . 2 - 2 . 0 0 5 2 . 2

. ) i 1

1 5 9 9 5 SC a t P I # 2 1 5 9 7 9 . 6 5 0 0 - 2 . 0 0 4 7 . 0
1 6 0 0 5 CS a t P I # 2 1 5 9 8 8 . 7 - 2 . 0 0 4 7 . 0 ii i
1 6 1 7 0 ST a t P I # 2 1 6 1 5 4 . 1 - 2 . 0 0 5 2 . 2 y r

2 1 6 7 6 TS a t P I # 3 2 1 6 5 3 . 7 2 . 5 0 6 8 . 3 A
2 1 9 5 7 SC a t P I # 3 2 1 9 3 4 . 9 7 0 0 2 . 5 0 6 1 . 5 1
2 2 0 4 3 CS a t P I # 3 2 2 0 2 0 . 1 2 . 5 0 6 1 . 5 •
2 2 3 2 4 ST a t P I # 3 2 2 3 0 1 . 4 2 . 5 0 6 8 . 3

\ \
! ;3 2 3 9 7 TS a t P I # 4 3 2 3 3 7 . 2 1 . 0 0 8 0 . 3

3 2 7 3 0 SC a t P I # 4 3 2 6 7 0 . 5 1 0 0 0 1 . 0 0 7 3 . 5
3 3 2 7 0 CS a t P I # 4 3 3 2 0 9 . 9 1 . 0 0 7 3 . 5
3 3 6 0 3 ST a t P I # 4 3 3 5 4 3 . 1 1 . 0 0 8 0 . 3 1 !

3 9 6 2 3 TS a t P I # 5 3 9 3 9 5 . 9 0 . 0 0 6 4 . 4 a
3 9 9 3 2 SC a t P I # 5 3 9 7 0 5 . 6 6 0 0 - 1 0 . 0 0 5 6 . 3 1
4 0 0 6 8 CS a t P I # 5 3 9 8 4 0 . 6 - 1 0 . 0 0 5 6 . 3 W
4 0 3 7 7 ST a t P I # 5 4 0 1 5 0 . 3 - 1 0 . 0 0 6 4 . 4

f t

l
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A n exam ple o f  horizontal detailing is  show n below .

Example: H orizontal detailing o f  PI N o. 1 for design  specification .

The outline o f  the first P I is  show n below:

PI No. Station R | Ls Lc Li Vts VSc 0  ̂ 0max
1 9000 400 40 205.2 74.1 7.3 52.9 46.4 5.0 19.0

T he nom inal stationing o f  the transition curves are calculated as fo llow s:

Point Station
T S 9000  - (205 .2+ 74 .1 /2 ) =  8758
CS 9000 - (74 .1 /2) =  8963
SC 9000 +  (74 .1 /2 ) =  9037
T S 9000  +  (205 .2+ 74 .1 /2 ) =  9242

Since there is  a stationing lo ss  o f  7 .3m  in this point o f  intersection, the actual route distance is 
approxim ated as nom inal stationing m inus stationing lo ss  due to curvature. The target v e lo c ity  for 
PI N o . 1 is 134.1 m /sec . The actual calculated allow able speeds are as show n above.

4.3 Vertical Curve Severity Analysis

T he hypothetical route drawing w as studied for severity o f  the vertical radii. T he m inim um  radius 
in a vertical curve can be estim ated by the fo llow in g  approach:

For vertical curves (see  figure in  Table 4 -4 ),

t =  ax2 ( S i - S 2 ) / L V C  =  2a
d2 x  /  dt2  — 2a  n =  1/Rvm in

Rvmin = -LV C /(S l-S 2)

N ote S =  S% /100

Table 4-4. Vertical Curve Severity (by Inspection)

PVI
Station

(m)
Entry Slope 

(S1)%
Exit Slope 

(S2)%
Length
(LVClm

Rvmin
LVC

s r s2

1. 10 + 000 +3.5 -2.0 700 -12,700
2. 40+ 0 -10.0 1,500 -15,000
3. 44 -10.0 0 1,500 +15,000
4. 105 -0.5 +3.5 500 +12,500
5. 205 0 +10.0 1,500 +15,000
6. 209 +10.0 0 1,500 -15,000
7. 300 +2.0 -3.0 700 -14,000
8. 366 -1.5 +2.5 500 +12,500
9. 393 +3.5 -10.0 1,600 -11,850
10. 398 -10.0 -1.0 1.100 +12.220
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The Rvmin sign is positive for concave landscape and negative for convex landscape. This sign 
convention is used in the analyses because it agrees with the g’s convention. This study revealed that 
in general, the vertical radii for this route are very large. Table 4-4 lists the evaluated Ryniin for the 
most severe curves. It shows that vertical curves at stations 10,000,105,000,209,000,366,000, and
393,000 are the most severe and need speed restrictions studies.

The acceleration, a (g’s), acting on these vertical curves can be easily evaluated using the following 
equation:

Table 4-5 shows the speed limits evaluated for the ten most severe curves. It shows that only five 
curves have speed limitations, all of which are due to the cresting vertical curves. There are no speed 
limitations due to the sags in the route.

Table 4-5. Speed Limits on Vertical Curves

Speed Limit (m/sec)
Vertical Curve Desiqn Goal Min. Rea'd.

No. Station -0.05a , +0.2a -0.1a, +0.3q
V. Radius of Curve 

(km)

1 10,000 I 78.91 1111.6 I -12.7

2 40,000 I 85.81 1121.3 I -15

3 44,000 >135 (172) » 1 3 5 +15

4 105,000 >135(157) » 1 3 5 +12.5

5 205,000 >135 (172) » 1 3 5 +15

6 209,000 I 85.8 1121.3 I -15

7 300,000 I 82.91 1117.2 | -14

8 366,000 >135 (157) » 1 3 5 +12.5

9 393,000 76.21 107.8 I -11.85

10 398.000 >135 (155) » 1 3 5 +12.22
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4.4  V ertical D etailing

A  com parably sim ple vertical detailing approach has been used sin ce the vertical radii are very  
large in  com parison to the horizontal radii. T hese radii being very large, there is  no sign ificant 
stationing lo ss . N o  detailed spirals have been  developed for vertical curves because o f  lim ited  effect  
on the v eh icle  perform ance. R ide quality checks have been carried out in  all stations noted in the 
above table and all zones w ith  com bined vertical and horizontal curvature. The stationing are 
developed  by  positioning point A  at h alf length o f  vertical curvature (L V C ) before the point o f  
vertical intersection (PVI). Point B  is  positioned at PV I and Point C is  at h a lf L V C  after the PV I. The 
lo ss  o f  stationing due to horizontal easem ent curves are treated in the sam e m anner as in  horizontal 
detailing. T able 4 -6  sh ow s an exam ple o f  the detailing up to PV I station 50 ,0 0 0 .

4.5 Combining the Horizontal and Vertical Details

The horizontal and vertical details are com bined and sorted to generate the characterized route. A ll 
segm ents are sorted according to the travel distance. A ny horizontal/vertical interfering curves are 
re-evaluated for acceleration lim it violations. Table 4-7 show s the e ffect o f  com bining the horizontal 
and vertical detailed exam ples.

Table 4-6. Vertical Detailing Example for Design Specifications

Station
(m)

Calculated
Station

(m)
Grade

(%)

Calculated
Speed

(m/s)

9650 A 10K 9635.3 3.50
134.1

10000B 1OK 9985.3 -2.00 78.9
10350C10K 10335.3 -2.00 78.9

16700 A17K 16682.9 -2.00 134.1
17000B17K 16982.9 2.50 134.1
17300C17K 17282.9 2.50 134.1

24700 A 25K 24672.1 2.50 134.1
25000 B 25K 24972.1 1.00 134.1
25300 C 25K 25272.1 1.00 134.1

34900 A 35K 34808.2 1.00 134.1
35000 B 35K 34908.2 0.00 134.1
35100C35K 35008.2 0.00 134.1

39250 A 40K 39158.0 0.00 134.1
40000 B 40K 39638.0 -10.00 85.8
40750 C 40K 40388.0 -10.00 85.8

43250 A 44K 42888.0 -10.00 134.1
44000 B 44K 43638.0 0.00 134.1
44750 C 44K 44388.0 0.00 134.1

49900 A 50K 49538.0 0.00 134.1
50000 B 50K 49638.0 -1.00 134.1
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Table 4-7. An Example of Combined Horizontal and Vertical Details

I
S t a t i o n D e s c r i p t i o n T a r g e t T a r g e t T a r g e t S p e e d L m t

N am e D i s t . ( m ) R a d i u s ( m ) G r a d e (%) (M PS) iv
/■

0 T e r m i n a l  # 1 0 . 0 3 . 5 0 0 . 0
8 7 5 8 TS a t P I # 1 8 7 5 0 . 5 3 . 5 0 1 3 4 . 1
8 9 6 3 SC a t P I # 1 8 9 5 5 . 6 4 0 0 3 . 5 0 5 2 . 9 '
9 0 3 7 CS a t P I # 1 9 0 2 9 . 7 3 . 5 0 4 6 . 4
9 2 4 2 ST a t P I # 9 2 3 4 . 9 3 . 5 0 5 2 . 9
9 6 5 0 A 1 0 K 9 6 3 5 . 3 3 . 5 0 1 3 4 . 1

1 0 0 0 0 B 10K 9 9 8 5 . 3 - 2 . 0 0 7 8 . 9 1

1 0 3 5 0 C 1 0 K 1 0 3 3 5 . 3 - 2 . 0 0 7 8 . 9
1 5 8 3 0 TS a t P I # 2 1 5 8 1 4 . 2 - 2 . 0 0 1 3 4 . 1
1 5 9 9 5 SC a t P I # 2 1 5 9 7 9 . 6 5 0 0 - 2 . 0 0 5 2 . 2
1 6 0 0 5 CS a t P I # 2 1 5 9 8 8 . 7 - 2 . 0 0 4 7 . 0 -

1 6 1 7 0 ST a t P I # 2 1 6 1 5 4 . 1 - 2 . 0 0 5 2 . 2
1 6 7 0 0 A 17K 1 6 6 8 2 . 9 - 2 . 0 0 1 3 4 . 1 1

1 7 0 0 0 B 1 7 K 1 6 9 8 2 . 9 2 . 5 0 1 3 4 . 1 i i

1 7 3 0 0 C 17K 1 7 2 8 2 . 9 2 . 5 0 1 3 4 . 1
2 1 6 7 6 TS a t P I # 3 2 1 6 5 3 . 7 2 . 5 0 1 3 4 . 1 , l

2 1 9 5 7 SC a t P I # 3 2 1 9 3 4 . 9 7 0 0 2 . 5 0 6 8 . 3
2 2 0 4 3 CS a t P I # 3 2 2 0 2 0 . 1 2 . 5 0 6 1 . 5 v  *

2 2 3 2 4 ST a t P I # 3 2 2 3 0 1 . 4 2 . 5 0 6 8 . 3
i

2 4 7 0 0 A 2 5 K 2 4 6 7 2 . 1 2 . 5 0 1 3 4 . 1
1;2 5 0 0 0 B 2 5 K 2 4 9 7 2 . 1 1 . 0 0 1 3 4 . 1

2 5 3 0 0 C 2 5 K 2 5 2 7 2 . 1 1 . 0 0 1 3 4 . 1
3 2 3 9 7 TS a t P I # 4 3 2 3 3 7 . 2 1 . 0 0 1 3 4 . 1
3 2 7 3 0 SC a t P I # 4 3 2 6 7 0 . 5 1 0 0 0 1 . 0 0 8 0 . 3 1

3 3 2 7 0 CS a t P I # 4 3 3 2 0 9 . 9 1 . 0 0 7 3 . 5
3 3 6 0 3 ST a t P I # 4 3 3 5 4 3 . 1 1 . 0 0 8 0 . 3

13 4 9 0 0 A 3 5 K 3 4 8 0 8 . 2 1 . 0 0 1 3 4 . 1
3 5 0 0 0 B 3 5 K 3 4 9 0 8 . 2 0 . 0 0 1 3 4 . 1 •

3 5 1 0 0 C 3 5 K 3 5 0 0 8 . 2 0 . 0 0 1 3 4 . 1
3 9 2 5 0 A 4 OK 3 9 1 5 8 . 2 0 . 0 0 1 3 4 . 1 f

3 9 6 2 3 TS a t P I # 5 3 9 3 9 5 . 9 0 . 0 0 1 3 4 . 1
i

4 0 0 0 0 B 4 OK 3 9 6 3 8 . 0 - 1 0 . 0 0 6 4 . 4
3 9 9 3 2 SC a t P I # 5 3 9 7 0 5 . 6 6 0 0 - 1 0 . 0 0 5 8 . 1
4 0 0 6 8 CS a t P I # 5 3 9 8 4 0 . 6 - 1 0 . 0 0 5 6 . 3
4 0 3 7 7 ST a t P I # 5 4 0 1 5 0 . 3 - 1 0 . 0 0 6 4 . 4 -

4 0 7 5 0 C 4 OK 4 0 3 8 8 . 0 - 1 0 . 0 0 1 3 4 . 1 -

4 3 2 5 0 A 4 4 K 4 2 8 8 8 . 0 - 1 0 . 0 0 1 3 4 . 1 ' i

4 4 0 0 0 B 4 4 K 4 3 6 3 8 . 0 0 . 0 0 1 3 4 . 1
4 4 7 5 0 C 4 4 K 4 4 3 8 8 . 0 0 . 0 0 1 3 4 . 1
4 9 9 0 0 A 5 0 K 4 9 5 3 8 . 0 0 . 0 0 1 3 4 . 1 :

5 0 0 0 0 B 5 OK 4 9 6 3 8 . 0 ' - 1 . 0 0 1 3 4 . 1
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4.6 Curved Guideway Lengths in SST

The curved portion o f  the S S T  gu idew ay requires a different approach in  design ing, analyzing, 
constructing, and cost estim ating. The effort required depends on the severity  o f  the curvature. A  
distribution o f  the curved guidew ay in the com plete SST w as perform ed. Figure 4-1  sh ow s a bar 
graph o f  the curved lengths at various radii. It w as used to estim ate the co st and also g iv es  a sum mary  
o f  the geom etry o f  the com plete SST  route.

4.7 Characterized Routes for Two Sets of Ride Quality Parameters

U sin g  the above procedure, a com plete characterized route geom etry has been  developed  for the 
D esig n  G oal ride quality. This data is  presented in detail in  Table 17 in  A ppendix A . The sam e 
procedure w as repeated to develop  the characterized route geom etry for the M inim um  Required ride 
quality. The com pleted data is  presented in detail in Table 18 in  A ppendix A . T ables 17 and 18 in  
A ppendix A  are presented in  readable form at to permit debugging and c loser  inspection.

4.8 Summary

• The route characterization procedure used in this analysis has been detailed.

• U sin g  the above procedure, tw o horizontal curve outlines, one for the D esig n  G oal ride quality  
and another for  the M inim um  Required ride quality have been tabulated.

.• Speed lim its for vertical curves have been tabulated in Table 4-5 .

• T he individual data are com bined to form the characterized route. Stationing lo ss  due to curve 
developm ent has been considered. D etailed acceleration studies have been  carried out where  
horizontal/vertical curves coexist.

i :>
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Figure 4-1. Summation o f all Curved Guideway Lengths in SST
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5. T R A I N  P E R F O R M A N C E  C A L C U L A T O R  P R O G R A M  (TPC) 
O V E R V I E W

The train perform ance calculator (TPC) is  a computer m odel that sim ulates the electrical and 
m echanical perform ance o f  the veh icle  along a route. The TPC used is  derived from  the Parsons D e  
L euw  Chopper Sim ulation Program. The program w as developed by  Parsons D e L euw , Inc. (PDI) 
for perform ance sim ulation o f  electrically  powered transit veh icles w ith solid-state “chopper” 
controllers for acceleration control (as opposed to, for exam ple, cam -controllers). It has been  
exten sively  used to sim ulate and design traction pow er system s for num erous transit agencies, 
including the fo llow in g  recent exam ples:

• D esign  o f  W ashington M etro System  (extensions ongoing).
• D esign  o f  Singapore M etro System  (1988).
• D esign  o f  Shanghai M etro System  (1990).
• Study and concept design  for H ouston and H onolulu m onorail system s (1991).
• E xtension Service Plan for B A R T , San Francisco (ongoing).

5.1 Simulation Program Validation

The sim ulation program output w as validated in 1984 under an U M T A  program using chopper- 
controlled v eh icles  and a stee l-w h eel on-rail system . The com puted results were com pared to field  
m easurem ents from an instrum ented test-train run on the San Francisco B A R T  system  and found to 
be very c lo se  to the predicted performance. This, along w ith the other various transit system s  
perform ance m odeling results, indicates the high reliability o f  the program. A n enhanced version  
o f  the program has been used to sim ulate the performance o f  Foster-M iller, Inc. m agle v  veh icles. The 
m odifications are sum m arized in subsection 5.3.

5.2 Simulation Program Description

The TPC program is  the first part o f  the four-part PD I software system  for design ing transit pow er  
distribution system s. T he TPC helps to predict train perform ance and energy consum ption for an 
electrically  pow ered veh ic le  operating along a g iven  alignm ent. In a typical transit system  analysis, 
the output from  the train sim ulation is  subsequently used by the other three programs (RM S program, 
Train Scenario Selector Program and V oltage Drop Program). T hese programs help to determine 
optim um  substation capacity, location  and com ponent sizes based on thermal loading and voltage  
criteria, for a g iven  passenger leve l. For the SST  project, on ly  the first part, the TPC program, has 
been used to sim ulate v eh ic le  perform ances in the D esign  G oal (SSTL EFT ) and M inim um  Required  
(SST M ID ) routes d iscussed  earlier.

Analytical Technique

The TPC program u tilizes consecu tive sm all tim e interval approxim ations to sim ulate train 
perform ance and energy consum ption. A  num erical schem e has been im plem ented in w hich  the 
acceleration is  calculated at discrete tim e intervals controlled by the norm al jerk lim it. This 
acceleration is  used to update the current speed and the veh icle  location .
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For a M aglev  veh icle , the propulsion system  is  m odeled  to provide constant tractive effort based  
on g-lim its o f  ride com fort up to a speed defined by the system  power. B etw een  this speed and the 
m axim um  speed (134.1 m /sec), the v eh ic le  acceleration is  increasingly lim ited  by the decreasing  
difference betw een constant pow er available and increasing pow er required as d iscussed in  (5-11. 
T he veh ic le  perform ance curve is  reproduced in  Figure 5-1.

Maglev Tractive Power

The tractive pow er for the M aglev  veh ic le  is  calculated based on the p ow er required to overcom e  
the fo llow in g  resistances:

• The ro lling resistance o f  the rubber tires w hen the veh icle  is  not levitated  
'• M agnetic drag as a function o f  v eh icle  speed.
• A erodynam ic drag as a function o f  the square o f  the veh icle  speed.
• Grade force (resistance/assistance) as a function o f  percent grade and the veh icle  w eight.
• Curve resistance as a function o f  die curve radius.
• Inertial force (a function o f  desired acceleration or deceleration).

Thus the tractive pow er can be calculated by com bining above com ponents o f  resistances/ 
assistances. These forces can be sim plified  as the force equation show n below :

M a g lev  V ehicle P erform ance

F = A D + BDV + C DV 2 + ( W  + R o)
W #G

A  , W « 5 7 3 0 * .8  R
g  R c *2000 100

Figure 5-1. Maglev Vehicle Performance Curve
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where

A D , B D , C p : TPC co effic ien ts  (D avis Terms)
V: SpeedTmph
W : V eh ic le  w eight, pounds
R 0 : Train equivalent rotary inertia, pounds
A: A cceleration, m phps
g: A cceleration  due to  gravity (21.95 mphps)
RC: Curve radius in fee t  
Gr : Grade in  percent 
F: F orce in  pounds.

The coeffic ien ts A D , B p ,  and C p  are standard TPC coeffic ien ts, the values o f  w hich  are already  
established for conventional transit veh icles. For the purposes o f  M aglev  sim ulations PD I has 
distributed the various drag terms as equivalent o f  these coeffic ien ts. For exam ple, the constant 
resistance term has been  approxim ated as 1010 kg based on the experience w ith  M onorail system s. 
The predom inant resistance is  due to the aerodynamic drag w hich  constitutes the C term.

The force equation is  then converted to the tractive pow er as fo llow s:

P  =  F«V*K/e

where
P: P ow er in  W atts 
e: Propulsion system  effic ien cy
K: U nit conversion  constant

Impact of Horizontal Curves

In a conventional v eh ic le  (steel w heel-on-rail), tw o things are considered w hen  the train negotiates  
a curve. T he speed  is  u sually  restricted to reduce the outward radial force and a sm all am ount o f  
pow er consum ption is  added to overcom e the curve resistance betw een the w h eel and the rail g iven  
by the fifth  term in  the force equation. For the M aglev veh icle , the latter e ffect should be m inim al 
due to the absence o f  the p hysica l contact betw een the gu idew ay and the veh icle  beyond levitation  
speed. A  relationship has not y e t  been established. PD I opted to retain the original em pirical relation  
in  the program, w hich  m ay be som ew hat conservative. H ow ever, the overall im pact is  insign ificant 
for this study, s in ce the energy consum ed in going through the curves w as found to be typ ically  0 .2  
percent o f  the total.

5.3 Program Modification/Enhancement

Several m odifications w ere incorporated to make the program com patible w ith M aglev  train 
operation:

• C onversion o f  input/output data to desired m etric units.

• A ccepting  em pirical relationship for levitation and aero-drags as the design  progressed.

• Increasing array s iz e s  and data form at to accept up to 4 0 0  data points for a g iven  segm ent 
(such as grade or speed  changes).

• Included output data for pow er consum ption in various drags, braking energy available for  
regeneration.

5-3



Com posite graphical output capability  fo r m ost param eters.

• C onsideration fo r ride quality by restricting increm ental changes in  accel/decel rates w ithin the 
specified longitudinal je rk  limit.

• A lgorithm  was m odified to sim ulate the m id-point o f a train ra ther than the front end for 
enhanced accuracy.

5.4 TPC Input File

T he velocity-independent data w ere developed into a data file. T his data file has tw o sets o f data. 
The first se t consists o f param eters w hich are independent o f route geom etry , such as: the vehicle 
m ass; length; m aximum  pow er capacity; allow ed accelerations/jerk lim its; voltage level (distribution); 
drag coefficients; dwell tim e; and calculation iteration lim its. These are form atted  as independent 
variables in the m aster data segm ent o f the TPC  input file.

T he second set consists o f data dependent on the characterized route geom etry. This set is 
form atted as station dependent data. Table 5-1 is an exam ple o f the data fo r the first 30 km  distance 
o f SSTM ID  route.

The actual TPC input file com bines all categories o f  the M aglev sim ulation data. Table 5-2 shows 
the actual TPC input data in the A SC II form  and other required sim ulation contro l param eters.

5.5 TPC Output

T he TPC  output consists o f detailed num erical tabular data, including distance, tim e, total pow er, 
average accelerations, energy consum ptions in  various drags/curves, and sum m ary o f  the perform ance 
data. The sum m ary provides the breakdow n o f run length, pow er consum ption (kW h) and run tim e 
betw een all stations and gives the specific pow er consum ption rate and average speed over the route 
including total travel distance and the average speed o f the vehicle. Several such sum m ary outputs 
are presented in  the next section.

T  able 5-3 show s a sam ple output fo r the inpu t file show n in Table 5-2. T he T PC  output is processed 
to develop the speed, power, and acceleration profiles fo r the com plete route. These profiles are 
presented in Section 6.

Output Check

T he TPC  output was studied in detail and debugged by TPC  experts at PD I. A dditional checks have 
been carried out by Foster-M iller by com paring the outputs to theoretical estim ates o f drag and pow er 
consum ption, and tim e to reach rated  speed using various acceleration and pow er levels. F igure 5- 
2 illustrates the various com ponents o f the resistances and accelerations a t d ifferent speeds in  a  trial 
run. These curves refer to runs carried ou t on the Foster-M iller tria l route, before the com pletion o f 
the SST LEFT and SSTM ID routes characterization. The TPC  output w as com pared w ith the 
param eters shown in the Figure 5-2 and agreem ent w as found at d ifferent speeds.

F igure 5-3 show s the acceleration curves generated using the above procedure fo r various pow er 
levels. These studies clarified the characteristics o f  the expected m aglev speed curves and helped 
decide the choice o f pow er levels requ ired  fo r the TPC sim ulations used in  the nex t section.

I

5-4



T a b le  5 -1 . D a ta  f o r  M in im u m  R e q u ire d  R id e  Q u a lity  (S S T M ID )

Speed
m/s

Location
m

Grade
%

Radius
m

Description

0 0.0 3.5 Terminal #1
134.1 8757.8 3.5 TS PI #1
60.5 8948.7 3.5 400 SC PI #1
54.0 9037.0 3.5 CS,PI#1
60.5 9227.9 3.5 ST PI #1

134.1 9635.7 3.5 A 10K
111.6 9985.7 -2.0 B 10 K
111.6 10335.7 -2.0 C10K
134.1 15820.0 -2.0 TS PI #2
65.9 15974.5 -2.0 500 SC PI #2
61.1 15994.5 -2.0 CS PI #2
65.9 16149.0 -2.0 ST PI #2

134.1 16683.3 -2.0 A 17K
134.1 16983.3 2.5 B17K
134.1 17283.3 2.5 C 17K
134.1 21668.9 2.5 TS PI #3
78.8 21920.8 2.5 700 SC PI #3
72.3 22035.4 2.5 CS PI #3
78.8 22287.3 2.5 ST PI #3

134.1 24672.9 2.5 A 25K
134.1 24972.9 1.0 B25K
134.1 25272.9 1.0 C25K
134.1 32355.6 1.0 TS PI #4

5.6 Summary

T he train perform ance calcu lator (TPC) program  has its orig in  in  perform ance sim ulation o f 
electrically  pow ered transit vehicles with solid-state controller fo r acceleration control. T he p rogram  
w as enhanced fo r m aglev sim ulations as described in subsection 5.3. Exam ples o f  the actual input 
and output files are presented  fo r the first 30 km  distance. T he com plete  output for the firs t 30 km  
distance cited in  th is section is presented in A ppendix A. The procedure used to validate for m aglev 
sim ulations have also been described. A dditional details o f  the com plete set o f final runs studied fo r 
this report are presented  in  the next section, and the data on all additional test runs exists a t Foster- 
M iller and PDI.

References

5-1. Maglev System Concept Definition Final Report, Foster-M iller, Inc., D O T/FR A /O R D -92/01, 
O ctober 1992.

5-5



T able 5 -2 . A n  E x a m p le  o f  T P C  In p u t

l DCCO CHOPPER SIMULATION PROGRAM PAGE NO. 1

INPUT FILE: s s tm id . i n p
START PROGRAM RUN- DATE: 6 /3 0 /1 9 9 2  TIME: 13: 9

RUN N0.SSTMID(rev 6/29/92)8CAR TRAIN, 134 H/S MAX SPEED, DUELL=0 SEC 

ROUTE ALIGNMENT: S-800km MAX P0WER= 40 MU; 0.2 g; aero drag= 5.1 V3 U

MAX. ACCEL.= 2.000 M/S2 MAX. DECEL.= 2.000 M/S2

TRAIN WEIGHT OF 210686. KG UITH EQUIVALENT ROTATIONAL WEIGHT OF 0. KG

MAX PROPULSION MECHANICAL KU OF 40000. TO 134. M/S , THEN DECAY AT 0. KW PER M/S

ABSOLUTE SPEED LIM ITS- MIN. SAFETY BLOCK OF 210. METERS

AUXILIARY POWER OF 3200.0 KU

PROPULSION SYSTEM EFFICIENCY OF .950

DWELL TIME OF 0. SECONDS

JERK LIM IT: .70 H/S2 PER SEC.

DAVIS TERMS- 1010.0 KG .000 KG PER M/S .5150 KG PER M/S SQUARED

MODIFIED A & B DAVIS TERMS:

B PRIME TERM AFFORDS INVERSE DECAY VS. SPEED:

ABOVE SPEED 
M/S

A TERM .IS 
KG

B TERM IS  
KG /  M/S

B PRIME IS  
KG

4 0 .0 3 5 3 5 .0 OOO O

1

DISC/DISKETTE TRANSFER FILE OUTPUT: x l  
NOMINAL TRAIN VOLTAGE OF 2100 .
DCCO CHOPPER SIMULATION PROGRAM PAGE NO. 2

STATION TO STATION RUN NO. 1

INPUT FILE: s s tm id . i n p
START PROGRAM RUN- DATE: 6 /3 0 /1 9 9 2  TIME: 13 : 9

DEPARTURE STATION—  TERM STA 1 
ARRIVAL STATION—  TERM STA 2

AT LOCATION 
AT LOCATION

0
398250
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T a b le  5 -2 . A n  E x a m p le  o f T P C  In p u t (C o n tin u ed )

CIVIL INPUT DATA:

SPEED LOCATION GRADE

.0
1 3 4 .0 0

8 7 5 7 .8
3 .5 0

6 0 .5 0
8 9 4 8 .7

3 .5 0

5 4 .0 0
9 0 3 7 .0

3 .5 0

6 0 .5 0
9 2 2 7 .9

3 .5 0

1 3 4 .0 0
9 6 3 5 .7

3 .5 0

1 1 1 .6 0
9 9 8 5 .7

- 2 .0 0

1 1 1 .6 0
1033 5 .7

- 2 .0 0

1 3 4 .0 0
1 5 8 2 0 .0

- 2 .0 0

6 5 .9 0
1597 4 .5

- 2 .0 0

6 1 .1 0
1599 4 .5

- 2 .0 0

6 5 .9 0
1 6 1 4 9 .0

- 2 .0 0

1 3 4 .0 0
1 6 6 8 3 .3

- 2 .0 0

1 3 4 .0 0
1 6 9 8 3 .3

2 .5 0

1 3 4 .0 0
1 7 2 8 3 .3

2 .5 0

1 3 4 .0 0
2 1 6 6 8 .9

2 .5 0

7 8 .8 0
2 1 9 2 0 .8

2 .5 0

7 2 .3 0
2 2 0 3 5 .4

2 .5 0

7 8 .8 0
2 2 2 8 7 .3

2 .5 0

1 3 4 .0 0
2 4 6 7 2 .9

2 .5 0

1 3 4 .0 0
2 4 9 7 2 .9

1 .0 0

1 3 4 .0 0
2 5 2 7 2 .9

1 .0 0

1 3 4 .0 0
3 2 3 5 5 .6

1 .0 0

9 2 .9 0
3 2 6 5 4 .5

1 .0 0

%) CURVE R MODIFIED C

.00

4 0 .0 0  

.00 

.00 

.00 

.00 

.00 

.0 0

5 0 .0 0  

.0 0  

.0 0  

.0 0  

.0 0  

.0 0  

.00

7 0 .0 0  

.0 0  

.0 0  

.0 0  

.00 

.00 

.00

100.00

DAVIS TERM

r
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T able  5-3. A n  E x a m p le  o f T P C  O u tp u t F ile

D C C O  C hopper Sim ulation Program  Page No. 3 
S tation to  Station R un No. 1 
Inpu t File: sstm id.inp
S tart program  run - Date: 6/30/1992 T im e: 13:9

Avg. Curve A.Davis B/B'Davis C. Davis
Actual Time Speed Avg kW-sec Accel. kW-sec kW-sec kW-sec kW-sec
Location (sec) m/s kW X1000 m/s2 X1000 x1000 x1000 X1000

336 3 . 0 .7 3
1. 2.0 1.5

4 8 8 7 .
6 .7 3

1 .89
'0.0 0.0 0.0 0.0

8. 4 .0 5 .2
704 1 .

1 6 .5 0
2.00

0.0 0.1 0.0 0.0

22. 6.0 9 .2
9 1 6 7 .

3 0 .5 8
2.00

0.0 0.2 0.0 0.0

4 5 . 8.0 13.2
1 1 2 9 9

4 8 .9 2
2.00

0.0 0 .4 0.0 0.0
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6. SST SIM ULATION

The TPC simulation involves several runs with varying car consists, power levels, accelerations, 
and ride qualities. In this section, a typical set of plots are presented, relating distance versus speed, 
distance versus total power consumed, and distance versus acceleration, using Minimum Required 
ride quality. The summary of the results from the runs are provided though the detailed outputresults 
are too voluminous to be printed in this report.

6.1 Parameter Selection Criteria

The mechanical, aerodynamic, magnetic, and operational parameters chosen for simulating the 
vehicle performance are described below.

Car C onsists

Most runs were carried out with an eight-car consist. This represented the longest consist foreseen 
to achieve capacity with reasonably short waiting time between trains (3 min 45 sec between trains). 
Also, the substation size required for the upper end of the accel range was still reasonable, supplying 
40 MW net propulsive power. One-car vehicle simulation was also done for performance 
comparison.

P ow er Levels

Power level is defined as the maximum propulsive power used by the vehicle. For an eight-car 
consist, (a range o f 20 to 40) MW was used for the maximum propulsive power. Thirty MW per train 
or 3.75 MW per car is considered as the design power for the vehicle. This power level will allow  
a sustained maximum speed in a 3.5 percent positive grade in a tangent track. Twenty MW per train 
or 2.5 MW per car power was used to evaluate the effectiveness of the lower rated system, and any 
negative side effects in terms o f vehicle performance. Forty MW per vehicle or 5 MW per car was 
used to see the advantage o f faster accelerations at higher speeds. For a single car vehicle the 7.5 MW 
power was considered to be the design maximum propulsive power. Several runs were also carried 
out using 5 MW per car power. In addition to the propulsive power the substation would supply 
additional power due to the power delivery system efficiency o f 95 percent, and auxiliary (“hotel”) 
onboard power consumption of 400 kW per car.

N orm al A ccelera tions

Normal acceleration limits are dictated by the ride quality specifications. For Design Goal ride 
quality 0.16g has been used as the maximum normal acceleration/deceleration. For Minimum 
Required ride quality 0.2g has been used as maximum normal acceleration/deceleration limit. Some 
cases have been run at 0.16g maximum normal acceleration/deceleration to compare the effect of 
decreasing the normal acceleration on the vehicle performance.

6-1



J e r k  R a te s

Jerk  rates specified in  Table 2-1 have been used during the TPC  sim ulation. For both D esign  G oal 
ride quality and M inim um  R equired ride quality , 0.07g/sec longitudinal je rk  rates have been used. 
For M inim um  R equired ride quality, additional sim ulations w ith 0.25g/sec, w hich w as considered 
too high fo r sim ulating 0.2g accelerations, have been carried out. TPC  runs were also carried  out 
w ithout using je rk  rate  lim its to check the cum ulative effec t o f  je rk  rates on vehicle perform ance.

A e r o d y n a m ic  D r a g

A erodynam ic drag pow er estim ates used in  the SST analysis are show n below  for a  single car and 
eight-car consists:

No. o f Cars A erodynam ic D rag Pow er
1 1.88V3 W atts
8 5.10V 3 W atts

w here V  = speed in m /sec

M a g n e t ic  D r a g

The estim ated m agnetic drag pow er used fo r the Severe Segm ent T est is sum m arized below :

No. o f Cars M agnetic D rag Pow er
M W  M W
V <40 m /sec V >40 m /sec

1 0.0 0.32
8 0.0 1.4

6.2 TPC Results

Tables 6-1 through 6-10 sum m arize the input fo r the T PC  runs.

6.3 Maglev Performance Profiles

T he M aglev perform ance in the Severe Segm ent T ests can be studied in  greater detail by generating 
profiles o f  speed, pow er consum ption, and acceleration over the com plete route. These three profiles 
are presented below ; they represent the C ase 9 run  described earlier, w here an eight-car consist 
w as lim ited to 30 M W  pow er and accelerated at 0.2g w ithin 0.25 g/sec je rk  lim it. The M inim um

Table 6-1. TPC Runs Carried Out

Case No. Specs. No. of Cars Power (MW1 Accel/Decel Jerk

1 Design 1 7.5 0.16g 0.07 g/sec
2 Design 8 20 0.16 0.07
3 Design 8 30 0.16 0.07
4 Design 8 40 0.16 0.07
5 Min Req 1 7.5 0.20 0.07
6 Min Req 8 20 0.20 0.07
7 Min Req 8 30 0.20 0.07
8 Min Req 8 40 0.20 0.07
9 Min Req 8 30 0.20 0.25
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T able 6 -2 . R e su lt f o r  C ase  1

VARIABLES;

ROUTE DATA FILE 
RIDE QUALITY 
#OF CARS 
POWER(MW)
TRAIN WEIGHT OF 
MAX. SPEED 
MAX.. ACCEL.
MAX. DECEL.
JERK RATE 
AERODYNAMIC DRAG 
MAGNETIC DRAG

SSTLEFT
DESIGN

1
7.5
36915 kg 
134 M/S
1.600 m/s2
1.600 m/s2
0.07 G/sec
1.88V3 W (where V-velocity in m/s) 
0.32 MW (if V>40 m/s) else 0.0MW

AUXILIARY POWER/CAR 
PROPULSION SYSTEM EFFICIENCY 
DWELL TIME

400.0 KW 
95%

0 SECONDS

OUTPUT SUMMARY DATA:

DEPARTURE
STATION

0 .0

398250
468214

ARRIVAL
STATION
398250
468213
798213

RUN 
LNG (M)

398249.7
69963.7

330000.0

POWER
(KWH)
5090.9
911.8

4251.8

TIME
(SEC)
4273.5 
621.4

2553.5

KWH PER TRAIN KM:
TOTAL TRAVEL DISTANCE (KM): 
TOTAL TRAVEL TIME (SECONDS) 
AVERAGE SPEED (KM PER HOUR)

12.85
798.213
7448.4
385.80

THE MAXIMUM AVAILABLE REDUCTION IN KWH PER MILE OR 
PER KM DUE TO REGENERATION, ASSUMING FULLY RECEPTIVE 
LINE IS 14.5 PERCENT.
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T able 6-3. R e su lt  f o r  C a se  2

. VARIABLES:

ROUTE DATA FILE SSTLEFT
RIDE QUALITY DESIGN
#OF CARS 8
POWER(MW) 20
TRAIN WEIGHT OF 210686
MAX. SPEED 134
MAX. ACCEL. 1.600
MAX. DECEL. 1.600
JERK RATE 0.07
AERODYNAMIC DRAG 5.10V3 i
MAGNETIC DRAG 1.4 MW

kg
M/S
m/s2
m/s^
G/sec
1 (where V-velocity in m/s) 

Xif V>40 m/s) else O.OMW
AUXILIARY POWER/CAR 
PROPULSION SYSTEM EFFICIENCY 
DWELL TIME

400.0 KW 
95%

0 SECONDS

OUTPUT SUMMARY DATA:

DEPARTURE ARRIVAL RUN POWER TIME
STATION STATION LNG(M) (KWH)

^  J
(SEC)

o•o 398250 398249.7 25806.7-
3 3 -S 'J . £

4684. 7
398250 468213 69963.7 3493-^2—

</ t .a
638. 9

468214 798213 330000.0 2570. 8

KWH PER TRAIN KM: 49.80
TOTAL TRAVEL DISTANCE (KM): 798.213
TOTAL TRAVEL TIME (SECONDS): 7894.4
AVERAGE SPEED (KM PER HOUR): 364.00
THE MAXIMUM AVAILABLE REDUCTION IN KWH PER MILE OR 
PER KM DUE TO REGENERATION, ASSUMING FULLY RECEPTIVE 
LINE IS 22.3 PERCENT.



T able  6-4. R e su lt f o r  C ase  3

VARIABLES;

ROUTE DATA FILE SSTLEFT
RIDE QUALITY DESIGN
#OF CARS 8
POWER(MW) 30
TRAIN WEIGHT OF 210686
MAX. SPEED 134
MAX. ACCEL. 1.600
MAX. DECEL. 1.600
JERK RATE 0.07
AERODYNAMIC DRAG 5.10V3 ;
MAGNETIC DRAG 1.4 MW

kg 
M/S 
m/s 3 
m /s3 
G/sec

(where V-velocity in m/s) 
(if V>40 m/s) else O.OMW

AUXILIARY POWER/CAR 
PROPULSION SYSTEM EFFICIENCY 
DWELL TIME

400.0 KW 
95%

0 SECONDS

OUTPUT SUMMARY DATA:

DEPARTURE ARRIVAL RUN POWER TIME
STATION STATION LNG(M) (KWH) (SEC)

o•o 398250 398249.7 24625.6 4421.9
398250 468213 69963.7 3470.5 625.0
468214 798213 330000.0 14603.6 2554.2

KWH PER TRAIN KM:
TOTAL TRAVEL DISTANCE (KM): 
TOTAL TRAVEL TIME (SECONDS) 
AVERAGE SPEED (KM PER HOUR)

53.49 
798.213 
7601.1 
378.05

THE MAXIMUM AVAILABLE REDUCTION IN KWH PER MILE OR 
PER KM DUE TO REGENERATION, ASSUMING FULLY RECEPTIVE 
LINE IS 25.6 PERCENT.

L-
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T ab le  6-5 . R e su lt f o r  C a se  4

VARIABLES:

ROUTE DATA FILE
RIDE QUALITY DESIGN
#OF CARS 8
POWER(MW) 40
TRAIN WEIGHT OF 210686
MAX. SPEED 134
MAX. ACCEL. 1.600
MAX. DECEL. 1.600
JERK RATE 0.07
AERODYNAMIC DRAG 5.10V3
MAGNETIC DRAG 1.4 MW

SSTLEFT

kg 
M/S 
a /s  l  
m/s2 
G/sec

(where V-velocity in m/s) 
(if V>40 m/s) else O.OMW

AUXILIARY POWER/CAR 
PROPULSION SYSTEM EFFICIENCY 
DWELL TIME

400.0 KW
95%

0 SECONDS

OUTPUT SUMMARY DATA:

DEPARTURE
STATION

ARRIVAL
STATION

RUN
LNG(M)

POWER
(KWH)

TIME
(SEC)

0.0 398250 398249.7 25896.7 4306.1
398250 468213 69963.7 3493.2 620.4
468214 798213 330000.0 14601.9 2553.1

KWH PER TRAIN KM:
TOTAL TRAVEL DISTANCE (KM): 
TOTAL TRAVEL TIME (SECONDS) 
AVERAGE SPEED (KM PER HOUR)

55.11
798.213
7479.6
384.19

THE MAXIMUM AVAILABLE REDUCTION IN KWH PER MILE OR 
PER KM DUE TO REGENERATION, ASSUMING FULLY RECEPTIVE 
LINE IS 26.9 PERCENT.
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T able  6-6. R esu lt f o r  C a se  5

VARIABLES:

ROUTE DATA FILE SSTMID
RIDE QUALITY MIN.REQD.
#OF CARS 1
POWER(MW) 7.5
TRAIN WEIGHT OF 36915 kg
MAX. SPEED 134 M/S
MAX. ACCEL. A irreOXP m/s2
MAX. DECEL. cA m/s2
JERK RATE 0.07 „ G/sec
AERODYNAMIC DRAG 1.88VJ W (where V-velocity in
MAGNETIC DRAG 0.32 MW (if V>40 m/s) else 0
AUXILIARY POWER/CAR 400.0 KW
PROPULSION SYSTEM EFFICIENCY 95%
DWELL TIME 0 SECONDS

OUTPUT SUMMARY DATA:

DEPARTURE
STATION

ARRIVAL
STATION

RUN 
LNG(M)

POWER
(KWH)

TIME
(SEC)

o•o 398480 398479.9 5515.5 3850.0
398480 468446 69966.0 934.9 604.0
468446 798446 330000.0 4267.2 2538.4

KWH PER TRAIN KM:
TOTAL TRAVEL DISTANCE (KM): 
TOTAL TRAVEL TIME (SECONDS) 
AVERAGE SPEED (KM PER HOUR)

13.42
798.446
6992.4
411.07

THE MAXIMUM AVAILABLE REDUCTION IN KWH PER MILE OR 
PER KM DUE TO REGENERATION, ASSUMING FULLY RECEPTIVE 
LINE IS 14.6 PERCENT.
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T able  6 -7 . R e s u lt  f o r  C a se  6

VARIABLES:

ROUTE DATA FILE SSTMID
RIDE QUALITY MIN.REQD.
#OF CARS 8
POWER(MW) 20
TRAIN WEIGHT OF 210686 kg
MAX. SPEED 134 M/S
MAX. ACCEL. 2.0 m/s 2
MAX. DECEL. 2.0 m/s2
JERK RATE 0.07 G/sec
AERODYNAMIC DRAG 5.10V3 W (where V-velocity in
MAGNETIC DRAG 1.4 MW (if V>40 m/s) else 0
AUXILIARY POWER/CAR 400.0 KW
PROPULSION SYSTEM EFFICIENCY 95%
DWELL TIME 0 SECONDS

OUTPUT SUMMARY DATA:

DEPARTURE ARRIVAL RUN POWER TIME
STATION STATION LNG(M) (KWH) (SEC)

0.0 398480 398479.9 21899.0 4254.7
398480 468446 69966.0 3387.5 621.1
468446 798446 330000.0 14574.3 2558.0

KWH PER TRAIN KM:
TOTAL TRAVEL DISTANCE (KM) : 
TOTAL TRAVEL TIME (SECONDS) 
AVERAGE SPEED (KM PER HOUR)

49.92
798.446
7433.8
386.66

THE MAXIMUM AVAILABLE REDUCTION IN KWH PER MILE OR 
PER KM DUE TO REGENERATION, ASSUMING FULLY RECEPTIVE 
LINE IS 21.4 PERCENT.



T able 6-8. R e su lt  f o r  C a se  7

ROUTE DATA FILE SSTMID
RIDE QUALITY MIN.REQD.

VARIABLES:

#OF CARS 8
POWER(MW) 30
TRAIN WEIGHT OF 210686
MAX. SPEED 134
MAX. ACCEL. 2.0
MAX. DECEL. 2.0
JERK RATE 0.07
AERODYNAMIC DRAG 5.10V3
MAGNETIC DRAG 1.4 MW

kg
M/S
m/s2
m/s2
G/sec

W (where V-velocity in m/s) 
(if V>40 m/s) else O.OMW

AUXILIARY POWER/CAR 
PROPULSION SYSTEM EFFICIENCY 
DWELL TIME

400.0 KW 
95%

0 SECONDS

OUTPUT SUMMARY DATA:

DEPARTURE ARRIVAL RUN POWER TIME
STATION STATION LNG(M) (KWH) (SEC)

0.0 398480 398479.9 2-L&9-9-.-Q 3977.4
398480 468446 69966.0 * & ¥ . !  >3-3-8-?-. 5 - 606.8
468446 798446 330000.0 A4-&74nrZ- 2540.5

KWH PER TRAIN KM:
TOTAL TRAVEL DISTANCE (KM) : 
TOTAL TRAVEL TIME (SECONDS): 
AVERAGE SPEED (KM PER HOUR):
THE MAXIMUM AVAILABLE REDUCTION IN KWH PER

2 "^4.31 
798.446 
7124.8 
403.44

MILE OR
PER KM DUE TO REGENERATION, ASSUMING FULLY RECEPTIVE 
LINE IS 25.2 PERCENT.
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T able  6-9 . R e s u lt  f o r  C a se  8

VARIABLES:

ROUTE DATA FILE SSTMID
RIDE QUALITY MIN.REQD.
#OF CARS 8
POWER(MW) 40
TRAIN WEIGHT OF 210686 kg
MAX. SPEED 134 M/S
MAX. ACCEL. 2.0 m/s*
MAX. DECEL. 2.0 m/sz
JERK RATE 0.07 G/sec
AERODYNAMIC DRAG 5.10V3 W (wh<
MAGNETIC DRAG 1.4 MW (if

m/s)
OMW

AUXILIARY POWER/CAR 
PROPULSION SYSTEM EFFICIENCY 
DWELL TIME

400.0 KW 
95%

0 SECONDS

OUTPUT SUMMARY DATA;

DEPARTURE
STATION

0 .0

398480
468446

ARRIVAL
STATION
398480
468446
798446

RUN
LNG(M)

398479.9
69966.0

330000.0

POWER
(KWH)

^ 7 0  $ 1 . /  
2 1 8 9 - 9 -5-Q l  

'S  ̂
—■3307. 5~

TIME
(SEC)
3841.0
603.3

2538.7

KWH PER TRAIN KM:
TOTAL TRAVEL DISTANCE (KM): 
TOTAL TRAVEL TIME (SECONDS) 
AVERAGE SPEED (KM PER HOUR)

^ 6 . 6 9
798.446
6983.0
411.63

THE MAXIMUM AVAILABLE REDUCTION IN KWH PER MILE OR 
PER KM DUE TO REGENERATION, ASSUMING FULLY RECEPTIVE 
LINE IS 27.0 PERCENT.
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T able 6-10. R e su lt  f o r  C a se  9

VARIABLES:

ROUTE DATA FILE SSTMID
RIDE QUALITY MIN.REQD.
#OF CARS 8
POWER(MW) 30
TRAIN WEIGHT OF 210686 kg
MAX. SPEED 134 M/S
MAX. ACCEL. 2.0 m/s3
MAX. DECEL. 2.0 m/s2
JERK RATE 0.25 G/sec
AERODYNAMIC DRAG 5.10V3 W (whi
MAGNETIC DRAG 1.4 MW (if

m/s)

AUXILIARY POWER/CAR 
PROPULSION SYSTEM EFFICIENCY 
DWELL TIME

400.0 KW 
95%

0 SECONDS

OUTPUT SUMMARY DATA:

DEPARTURE ARRIVAL RUN POWER TIME
STATION STATION LNG(M) (KWH) (SEC)

0 . 0 398480 398479.9 3967.3
398480 468446 69966.0 <~3-3-8~7~-5~ 603.8
468446 798446 330000.0 / ^ ^ 7 .  C

2539.5

KWH PER TRAIN KM:
TOTAL TRAVEL DISTANCE (KM): 
TOTAL TRAVEL TIME (SECONDS): 
AVERAGE SPEED (KM PER HOUR):
THE MAXIMUM AVAILABLE REDUCTION IN KWH PER

54.51
798.446
7110.6
404.24

MILE OR
PER KM DUE TO REGENERATION, ASSUMING FULLY RECEPTIVE 
LINE IS 25.5 PERCENT.
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Required ride quality SST route w as used fo r this sim ulation. In  this run  the average speed w as 112.3 
m /sec. The total T erm inal 1 to T erm inal 4  run tim e fo r th is sim ulation is 118.5 min. T hough these 
num bers are clearly show n in the earlier tables, the profiles provide a clearer picture o f the vehicle 
perform ance. Since fo r all practical purposes all these profiles look  very sim ilar fo r the nine runs 
described earlier, only one set o f these profiles have been  printed here.

Speed Profile

The speed profile fo r the M inim um  R equired ride quality  SST route is show n in F igure 6-1. The 
vehicle attained and sustained the designed m axim um  vehicle speed over eight tim es during the run. 
The four term inals w here the vehicle has zero speeds are clearly  m arked. Such plots describe the 
rou te  characteristics as well. The three segm ents o f varying degrees o f severities, described in 
Section 1, can be clearly seen from  the figure.

Power Profile

The pow er profile for the 30 M W -rated vehicle is p lotted in  F igure 6-2. The m axim um  pow er 
consum ption rate near 35 M W  accounts fo r the tractive effort, auxiliary pow er o f 3200 kW , and a 
system  efficiency o f 95 percent. The pow er profile in  Segm ent 1 show s the availability o f high 
regenerative braking possibilities. The estim ated m axim um  available reduction in kW h or per km  
due to regeneration, assum ing fully receptive line is 25.5 percent fo r the entire route. In  Segm ent 2 
and[ Segm ent 3 the duration o f m axim um  pow er consum ption is very short. There is only one instance 
o f the pow er consum ption reaching near 35 M W . In Segm ent 2 there are only tw o additional short 
instances o f pow er consum ption near 24 M W . Segm ent 3 is devoid o f  any pow er requirem ents above 
21 M W  for a sustained tim e interval. This indicates that fo r non-severe segm ents the substation 
pow er requirem ents are about 40 percent low er than  that required  fo r very severe segm ents 
(assum ing non regenerative system s). For m ildly severe segm ents, the possible reduction in  required 
substation pow er is approxim ately 30 percent.

Acceleration Profile

Figure 6-3 show s the acceleration profile fo r the C ase 9 run. The accelerations reflec t the 0.2g 
lim its used in  this case. A s expected, the accelerations are m ost severe in  the first segm ent, due to 
the large num ber o f sm all radius turns.

6.4 Dynamic Ride Quality Studies

The dynam ic analysis o f the effects on actual ride quality  using the ride quality specifications w ill 
be described in Section 8. As opposed to the static analysis described in  Section 2, this study used 
the dynam ic program  M A G SIM  and considered all vehicle and guidew ay param eters contributing 
to the jerk /jo ltlim its . M ore detailed ride quality studies m ay be needed in  som e very severe segm ents 
as wifi be addressed by Dr. B lader in Part II o f th is report.

The net effect on the route characterization fo r such very severe segm ents is the im provem ent on 
the easem ent curves design. From  the point o f v iew  o f  the TPC  sim ulations, the m inor adjustm ents 
in  the curve param eters and speed profiles in the rou te  have a very m inor effect on the vehicle 
perform ance, as evidenced by several trial studies. The estim ated change fo r the run tim e o f about 
120 m in, due to these sm all adjustm ents in the spiral design to further im prove the ride quality , is less 
than 1 percent. Therefore, although the ride quality specification used has a very significant influence 
on vehicle perform ance in SST, these m inor secondary adjustm ents have alm ost an unnoticeable 
influence when studied in relation to the com plete route.
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PARSONS DE LEUW, INC. Maglev 8-car, 30MW, 0.2g accel, 0.25g/s jerk rate, Route SSTMID

8C30MWDS.XLC 7/7/92

Figure 6-1. M aglev Speed Profile Generated from  a TPC R U N



6-14

PARSONS DE LEUW, INC. Maglev 8-car, 30MW, 0.2g accel, 0.25g/s jerk rate, Route SSTMID

Distance - Power Profile
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Figure 6-2. M aglev Pow er Profile Generated from  a TPC Run

r ~ !



SI
-9

PARSONS DE LEUW, INC. Maglev 8-car, 30MW, 0.2g accel, 0.25g/s jerk rate, Route SSTMID

Distance - Acceleration Profile
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Figure 6-3. M aglev A ccel Profile Generated from  a TPC Run
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6.5 Headway Studies

T he vehicle headway studies w erecarried  out for 9,600 passenger/hr u tilization. U sing the velocity 
and profiles from  the TPC sim ulations, the consist separation along the com plete rou te  w ith vehicle 
spaced at 225 sec headw ay w as continuously  calculated. Figure 6-4 fo r an eight-car consist shows 
the separation profile for one such study. I t show ed that the m inim um  separation encountered on the 
w hole route is 15.7 km. Sim ilarly a four-car consist for the sam e passenger/hr u tilization w ill require 
a  headw ay of 112 sec which w ill resu lt in a m inim um  separation o f  7.9 km .

6.6 In-Tunnel Operations

T he ch ief issues involved w ith in-tunnel M aglev operation are m ostly  those concerned w ith the 
com plex aerodynam ic interaction betw een the high-speed M aglev consists and the tunnel passage, 
including not only the tunnel proper itself, bu t also entries, exits and subsidiary shafts. The civil 
construction details o f the tunnel itse lf are outside the scope o f this report, bu t the im portant design 
features needed for effective high speed M aglev operation w ill be described after an explanation o f 
the technical tradeoffs involved.

O ur goal is to design the 5 km  tunnel in  the  SST for m axim um  cruise speed operation of 134 m / 
sec (300 m ph). This can be accom plished if  the tunnel design is such that these pressure transients 
and drag increases associated w ith h igh-speed travel in-tunnel can be accom m odated. Therefore, w e 
w ill address these two areas in  this section.

O ur analysis shows that the behavior o f  a  typical vehicle consist in a  tunnel can be characterized 
by a pressure profile such as that show n in F igure 6-5. It is the m anagem ent o f these pressure 
transients and drags that are o f prim ary concern in  designing high-speed tunnels so as to control both

Figure 6-4. M aglev Headway Profile fo r  an Eight-Car Consist G enerated by Processing a
TPC Output
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O ur analysis show s tha t the behavior o f a typical vehicle consist in  a tunnel can be characterized 
by a pressure profile  such as that shown in Figure 6-5. I t  is the m anagem ent o f  these pressure 
transients and drags that are o f  prim ary concern in designing high-speed tunnels so as to control both 
the sharpness and m agnitude o f  these pressures, and overall train  drag.

The in itial pressure transien t at a flush faced tunnel entry is show n in F igure 6-6. This is 
characterized by a  rap id  pressure rise due to the nose entry, fo llow ed by a continuing rise a t a m uch 
low er rate  due to the fo llow ing  part o f the vehicle body. The slope o f  the initial rise is on the order 
o f  1,000 N /m 2/sec  (1 kPa/sec or 0.15 psi/sec) up to a value w hich is strongly dependent on the ratio 
o f train  cross section to  the to tal cross section o f the tunnel, also referred  to as the “blockage ratio .” 
The pressure rise rate  is dependent prim arily on V  , w hile the m agnitude o f the rise is p roportional 
to V 2 .

A s far as the m agnitude o f  the pressure rise is concerned, the design o f the skin structure o f  the 
vehicle could be unduly affected by inw ard pressures m uch greater than the 3 kP a (1/2 psi) range, 
and also w ould  be uncom fortab le fo r occupants if  doors and gaps w ere no t sealed w ell. In  order to 
achieve this level w ith  som e design m argin, say 2.5 kP a ( l/3  psi), the blockage ratio  fo r the tunnel 
m ust be in  the 1:6 o r 1:7 range  or less for full speed operation, m eaning a generous tunnel cross section 
w ould be required  fo r h igh  speed travel. Foster-M iller estim ates suggest that this also w ould  restrict 
overall train  drag increases to  about 50 to 60 percent over free-stream  conditions, w hich could still 
be easily  m anageable by  the M aglev propulsion and pow er delivery system s, as w ill be discussed 
later in  this report.

O ne im portant conclusion  here fo r a tw o-w ay system  is that due to the high expense o f tunneling, 
the only reasonable so lu tion  to the need fo r a tunnel w hich is 6 or 7 tim es the vehicle cross section

Figure 6-5. Typical Pressure Profile in High Speed Tunnel
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Figure 6-6. Tunnel Pressure Rise a t Tunnel Entry

is  to  provide one tunnel fo r tw o-w ay travel, containing tw o at-grade guide w ays bu t only perm itting 
one consist in  the tunnel at any one tim e. * T his policy  w ould  resu lt no t only in  tunnel cross-sectional 
area in  the range o f 60 m2, bu t also e lim inate  the need fo r w ide separation o f the guidew ays in  tunnel 
w hich  w ould otherw ise be needed to p ro tec t against gusts from  opposing trains.

Such a  tunnel cross section is show n in  F igure 6-7. H ere, tw o at-grade guidew ays are show n 
supported on a  transverse concrete floor slab, w ith u tility  passages below . The m ost efficien t shape 
w ould  be a “TV ” shape w ith large top, bo ttom  and side radii and sm all co m er radii, w ith  the tunnel 
structure being determ ined by site conditions.

A n analysis o f the average drag increase in  th is tunnel fo r a  single consist show s that the drag 
increase w ill be on the order o f 50 to 60 percent, as m entioned previously. T his m eans that the 
propulsion  pow er for a m ulti-car consist o f  several cars w ill increase by 0.8 to 1.0 M W  per car fo r 
the 38 sec spend in  the 5 km  tunnel. A n energy  analysis show s that the to ta l energy consum ed over 
the SST route w ill increase by less than 0.2 percent, w hich has practically  an unm easureable effect 
on specific energy consum ption. Since the substation design has adequate short-term  rating to supply 
th is even at the upper end o f the propulsion pow er range being considered in  the SST route analysis, 
the tunnel design approach fo r fu ll speed operation w ill be adopted. T he rem ainder o f  th is discussion 
w ill then  focus on the design details needed to m inim ize pressure transients during en try  and ex it o f  
the tunnel.

*The projected Japanese commercial Maglev design for the 500km inland route between Tokyo and Osaka uses a tunnel 
cipss section nearly eight times that of the vehicle.

6-18



Figure 6-7. Tunnel Cross Section

Control of the rate of pressure rise is equally important, both from the point of view of passenger 
comfort and for the disconcerting “impact” sound of tunnel entry. One proven method of reducing 
the rate of rise is with entry and exit flares, which must be engineered to be as economical as possible 
and still achieve design targets. These flares should be three-dimensional for best effect. The BART 
system, English-French “Chunnel” and the German ICE all use or will use flares, although the first 
two are characterized by lower speeds and tighter tunnels. To size these flares for high-speed Maglev 
applications, we can refer to Figure 6-8, which shows how various length flares reduce the slope of 
pressure rise. Note that these flares do not significantly reduce the ultimate magnitude of the pressure 
rise, but greatly delay the onset (rate) of this pressure. Figure 6-8 uses an entiy area that is twice the 
final tunnel area, in the interest of practicality, although similar relationships could be shown for 
other “initial” blockage ratios.

As a typical guide, German standards call for rise rates of200 Pa/sec (0.03 psi/sec) which is thought 
to be quite conservative in light of using sealed cars. Using a somewhat greater value of 300 Pa/sec 
and looking at Figure 6-8, we can see that a flare on the order of 150m or so (500 ft) could be used. 
These rise rates could easily be tolerated even with leaky car seals.

Further attention to pressure rises within the tunnel itself can be made if we refer again to Figure
6-5. Note that the advancing “entry” pressure front can be reflected back from any substantial change 
in tunnel area. The important ones to consider are the sudden openings represented by the other end 
of the tunnel and by any intercepting shafts. These will reflect the advancing pressure wave back as 
a rarefaction, which will in turn combine with both the advancing front and other disturbances. This 
affords the opportunity to further moderate pressure effects in the tunnel by judicious combination 
of these pressure waves using both the tunnel ends and intermediate shafts. While detailed study of 
these interactions over various speed ranges has not yet been done, initial estimates suggest that use 
of two auxiliary vent shafts in, say, a 5 to 10 km tunnel might produce some benefit. (Additionally,
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Figure 6-8. Pressure R ise Reduction with Flared Entry

these shafts m ight contain “leaky” filters or diffusers to further dam p pressure transients.) These 
shafts could be p laced w ithin 1 km  from  each end, or a shorter distance fo r significantly  shorter 
tunnels. Further w ork w ould be needed to  ju stify  these prelim inary concepts, how ever.

A  proper tunnel and flare design for fu ll speed tw o-w ay M aglev operation, therefore, could  consist 
o f a  typical tunnel cross section o f about 60 m 2, w ith  entry and ex it flares 200m  long and 120 m 2 in 
in itial area, assum ing a 10 m 2 vehicle cross section and only one train  allow ed in  the tunnel a t any 
one tim e. Tw o additional cross shafts cou ld  be used  to further m itigate pressure transients. These 
features are show n together in  Figure 6-9, using the cross section seen in  F igure  6-7.

6.7 Summary

In  th is section results fo r nine final runs o f  the SST  sim ulations have been presented. M any m ore 
runs were carried  out to stream line and debug the TPC  sim ulations o f the SST, including runs on an 
earlier 351 km  trial route developed by Foster-M iller, plus short route runs to  check  com patibility 
betw een  the spiral designs and TPC  sim ulation algorithm s. These included fu ll graphical 
presentation o f  speed, pow er and acceleration profiles.

T he results show  that the total travel tim e fo r the 800 km  route is approxim ately 2 h r fo r each o f 
the n ine cases. Using the m ore aggressive M inim um  Required ride quality  levels, thus does not 
greatly  reduce the total travel tim e.

In addition, the ch ief issues involved w ith  in-tunnel M aglev operation w ere addressed in this 
section. P roper tunnel and flare design w ill allow  for fu ll speed in-tunnel operation w ith  essentially 
a  negligible increase in  total energy consum ption.

A  m ore detailed analysis o f the sim ulation  output w ill be presented in  the fo llow ing sections. The 
dynam ic m odeling ride quality analysis is then  presented in  Part II.
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7. SUM M ARY OF RESULTS

7.1 Performance Characteristics

T his section sum m arizes the evaluation of perform ance characteristics over the SST  route. A  final 
set o f  the TPC  results w ere sum m arized in Section 6. The com plete TPC  output is too volum inous 
to be prin ted  here, bu t a sm all section is presented in A ppendix B . O utput files are available a t both 
Foster-M iller, Inc., W altham , M A  and Parsons D eLeuw  Inc., W ashington, DC.

A  sum m ary and tradeoff analyses o f the above sim ulations are presented here w hich consist of:

• C om plete speed and pow er consum ption profiles over the route for the tw o sets o f optim ized 
curve layouts and ride qualities: D esign G oal and M inim um  Required (SST L E FT  and SSTM ID 
respectively).

• S tudy o f the effect o f ride quality param eters on average vehicle speed.

• S tudy o f the effect o f car pow er ratings on trip time.

• S tudy o f the effect o f ride quality param eters on trip time.

• S tudy o f  the effects o f pow er ratings and ride quality param eters on specific pow er consum ption.

7.2 Speed and Power Profiles for the Complete SST Route

B oth speed and pow er profiles fo r D esign G oal ride quality and M inim um  R equired  ride quality 
specifications are p lotted in  Figures 7-1 and 7-2  respectively. Speed and pow er profiles show n in 
F igure 7-1 correspond to vehicle consist using a pow er rating o f  3.75 M W /car and D esign G oal ride 
quality . (This run  is described under C ase 3 in  Section 6.) F o r this case, the average speed fo r the 
entire rou te  is 105.0 m /sec and the specific pow er consum ption is 6.7 kW hr/car-km .

F igure 7-2 corresponds to the M inim um  R equired ride quality specifications using  the sam e vehicle 
param eters as in  F igure 7-1. (This run is described in detail under C ase 7 previously .) The average 
speed fo r the entire route in  this case is 112.1 m /sec and the specific pow er consum ption  is 6.8 kW hr/ 
car-km .

Tw o im portan t clarifications should be reiterated here. First, each curve design throughout the 
route w as optim ized tw ice: once for D esign G oal and again for the M inim um  R equired  ride qualities. 
T herefore, there are actually  slightly d ifferent route geom etries, speed lim its, etc. associated w ith 
negotiation fo r the SST route fo r each o f these tw o ride qualities, each o f w hich  m axim ized the 
“envelope” o f ride quality  conditions. Secondly, the “m axim um  car pow er” referred  to is the actual 
propulsive pow er delivered to each car, w hereas the total pow er seen in  the plots includes allow ance 
fo r the “hotel” pow er plus a 5 percent transm ission loss along the RO W .



PARSONS DE LEUW , INC 8-CAR, 30 MW , 0 .16  g ACCEL, 5.1 V  3 AERO, RO UTE SSTLEFT (sh1) 8/3/92

F ig u re  7-1. S p e e d  a n d  P o w e r  P ro file  f o r  D esig n  G o a l R id e  Q u a lity



.r s o .«u usi_ LEdvv, iNC
>  > j  ~ '■

8-CAR. 30 MW , 0.16 g ACCEL, 5.1 V  3 AERO, R O UTE SSTLEFT (sh2) 8/3/92

-aIu>

p *1 r :"V ■}



PARSONS D E LEUW , INC 8-CAR, 30 MW, 0.2 g ACCEL, 5.1 V  3 AERO, ROUTE SSTM ID  (sh 1) 8/3/92
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F ig u re  7-2. S p e e d  a n d  P o w e r  P ro file  f o r  M in im u m  R e q u ire d  R id e  Q u a lity

\ _ f _ i / }



r\ f

-j

PARSONS DE LEUW , INC 8-CAR, 30 MW , 0.2 g ACCEL, 5.1 V  3 AERO, ROUTE SSTM ID  (sh 2) 8/3/92

r



The veh icle  design specification  dictates the tractive pow er o f  around 30  M W  for an eight-car  
consist and therefore the speed and pow er profiles are presented for the 3 0  M W  veh icle  pow er (3.75  
M W /car). T o obtain the e ffects  o f  various m axim um  p ow er ratings o f  the system , the TPC  
sim ulations were carried out for 20 M W , 30 M W , and 4 0  M W  system  m axim um  power. This  
corresponds to 2 .5  M W , 3 .75 M W  and 5 M W  per car. The detailed speed profiles using these pow er  
lev e ls  are compared for the first four P is  o f  the route in Figure 7 -3 . T his sh ow s the e ffec t o f  available  
traction pow er on the speed profiles over short severe segm ents.

7,3 Effect of Maximum Power Rating on Average Speed Over the Route

The m axim um  propulsion available to the car has a sm all in fluence on the veh icle  average speed  
over die range o f  2.5  to 5 .0  M W /car. Table 7-1  show s the average speed o f  the veh icles w ith various 
m axim um  pow er ratings and car consists. A verage speed has been evaluated for each o f  the three 
segm ents o f  the SST  route and also for the com plete route. The first four cases (1 to 4) refer to the 
D esig n  G oal ride quality sim ulations and the next fiv e  refer to M inim um  Required ride quality  
sim ulations. A  jerk rate o f  0 .07 g ’s /s e c w a su se d in a llth e e ig h tc a se se x c e p tfo r th e C a se N o . 9 where  
a 0 .25  g ’s/sec  w as used. The case numbers referred in this table refer to the sam e case numbers used  
in Section  6 . M ore details on the specifications and results can be studied in Section  6, i f  required.

T o sim plify  the results, the above data are represented in  the graphical form . Figure 7 -4  show s a 
bar graph for 2 .5 , 3 .75 , and 5 M W  per car m axim um  pow er, using D esig n  G oal ride quality  
specifications and curve design (Case N o . 2 ,3  and 4  in  Table 7 -1 ). The e ffec t o f  m axim um  car pow er  
on average speed, in very severe segm ents such as the Segm ent 1, is  m ore pronounced. There is  a 
9 percent change in average speed for a 2 .5  M W  (100 percent) m axim um  pow er increase. The 
m axim um  car pow er has less influence on the average speeds in  less  severe segm ents, as seen  in  
Segm ent 2. The average speed g o es up by 3  percent in this segm ent on increasing pow er rating by  
the sam e 2.5 M W . In non-severe segm ents such as the Segm ent 3 , the effec t o f  increasing car pow er  
ratings is  alm ost neglig ib le, since even  2 .5  M W  per car is  su fficien t to cruise at m axim um  velocity

Figure 7*3. Speed Profiles at Various Power Ratings between the First Four Pis
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T able  7 -1 . A v e ra g e  S p e e d  in V ariou s S eg m en ts  o f  S S T  (m /sec)

Average Speed (m/sec)

Case
No.

No. Cars in 
Consist Ride Quality

Maximum 
Propulsion 
Power Per 

Car 
(MW) Segment 1 Segment 2 Segment 3

Route
Average

1 1 Design goal 7.5 93.2 112.6 129.2 107.2
2 8 Design goal 2.5 85.0 109.5 128.4 101.1
3 8 Design goal 3.75 90.1 111.9 129.2 105.0
4 8 Design goal 5.0 92.5 112.8 129.3 106.7
5 1 Min reqd 7.5 103.4 115.8 130.0 114.2
6 8 Min reqd 2.5 93.6 112.6 129.0 107.4
7 8 Min reqd 3.75 100.1 115.3 129.9 112.1
8 8 Min reqd 5.0 103.7 116.0 130.0 114.3
9 8 Min reqd* 3.75 100.4 115.9 129.9 112.3

‘ Test case for 0.25g accel limit

oT

to
T3<D
<DQ.
cn
a>O)
to

2 3
SST Segment #s

Total

2.5 MW/Car ^  3.75 MW/Car 5 MW/Car

Figure 7-4. Effect o f Car Power Ratings on Average Vehicle Speed 
(Design Goal Ride Quality and Curve Design)
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for m ulticar consists. Here, there is on ly  a 0 .7  percent increase in average speed for the 100 percent 
increase in car pow er rating.

Figure 7 -5  show s a bar graph for 2 .5 , 3 .75 , and 5 M W  m axim um  p ow er per car, using M inim um  
Required ride quality specifications and curve design (C ase N o . 6 ,7  and 8 in  T able 7 -1 ). The effects  
o f  pow er variations are slightly  m ore pronounced, with an 11 percent rise in  Segm ent 1. In less  
severe segm ents, the influence o f  pow er ratings is  sam e as in the case  o f  D esig n  G oal ride quality 
studies (3 percent in Segm ent 2  and 0.8 percent in Segm ent 3). For the com plete route (Total) o f  
800 km , an average speed variation o f  up to 6 percent w as caused by changing the car pow er ratings 
over the 2.5 to 5 .0  M W /car range.

7.4 Effect of Ride Quality on Average Vehicle Speed

T he ride quality has a more consistent e ffec t on the average veh icle  speed at all pow er leve ls . R ecall 
that curve designs over the entire route were optim ized for both the D esig n  G oal and M inim um  
Required ride quality cases. The average speeds for D esign  G oal ride quality (C ases 2  to 4) and 
M inim um  Required ride quality specifications (C ases 6 to 8), are seen  in Table 7 -1 . In each case, 
there is 6 .2  percent, 6 .7  percent and 7.1 percent increase in the average speed at a 2 .5 , 3 .7 5 , and 
5 M W  per car m axim um  pow er rating respectively . Figure 7-6  show s the in fluence graphically.

7.5 Total Trip Time

The total trip tim e has also been evaluated for the individual route segm ents for all cases. Total 
trip tim es are for the com plete 800 km * o f  the SST  route exclu sive  o f  station d w ell tim e. The

135
130
125

^  120

f  1,5

CD>

s 110

co 105

i  ioo
95
90
85
80

SST Segment #s

I
Total

2.5 MW/Car 3.75 MW/Car 5 MW/Car

Figure 7.5. Effect o f Car Power Ratings on Average Vehicle Speed (Minimum 
Required Ride Quality and Curve Design)

*Reference distance before incorporating detailed arc length calculations which result in 1.4 to 1.6 km reduction 
(0.2 percent).
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Figure 7-6. Effect o f Ride Quality on Average Vehicle Speed

calculated trip tim e for an eight-car veh icle  using D esign  G oal ride quality is  127 m in (w ith  a pow er  
rating per car o f  3 .7 5  M W ). Table 7 -2  show s all trip tim es for all nine cases.

The table also sh ow s the trip tim es for the individual SST  route segm ents. It is seen  that the trip 
tim es are alm ost constant for Segm ents 2  and 3, w hich are not severe in nature. The trip tim e is  quite  
sensitive  to varying param eters in the m ost severe o f  the segm ents, Segm ent 1. The effects  o f  varying  
parameters on trip tim e for the com plete SST  routes is exam ined next.

Effect o f  Vehicle Power on Trip Time

The trip tim e for the com p lete route is  only slightly affected by the veh icle  m axim um  propulsion  
pow er. For exam ple, u sin g  D esign  G oal ride quality specification s, a trip tim e saving o f  5 m in  
(4  percent) w as ach ieved  by increasing the m axim um  pow er by 50  percent (from 2.5  M W  per car to 
3.75  M W  per car). A lso , a further 33 percent increase in m axim um  pow er (from 3 .75  M W  per car 
to 5 M W  per car) saved an additional 2  min (1.6 percent) in trip tim e.

Figure 7 -7  sh ow s a com parison betw een the effects  o f  pow er changes both in severe segm ents  
(Segm ent 1 o f  the route; see  upper graph) and in less  severe segm ents (Segm ent 3 o f  the route; see  
low er graph), for D esig n  G oal ride quality. In severe segm ents the 100 percent increase in m axim um  
pow er resulted in an 8 percent im provem ent in trip tim e, but in less severe segm ents the e ffect is  
alm ost unm easurable (less  than 0.5 percent).
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T able 7-2. T rip  T im es (in  m in u tes)

Trip Time (min)
C ase
No.

No. of 
Cars Ride Quality

Power/Car
(MW)

Jerk
(q/secl

Segment
1

Segment
2

Segment
3 Total

1 1 Design goal 7.5 0.07 71.2 10.4 42.6 124.1
2 8 Design goal 2.5 0.07 78.1 10.6 42.8 131.6
3 8 Design goal 3.75 0.07 73.7 10.4 42.6 126.7
4 8 Design goal 5 0.07 71.8 10.3 42.6 124.7
5 1 Min reqd 7.5 0.07 64.2 10.1 42.3 116.5
6 8 Min reqd 2.5 0.07 70.9 10.4 42.6 123.9
7 8 Min reqd 3.75 0.07 66.3 10.1 42.3 118.7
8 8 Min reqd 5 0.07 64.0 10.1 42.3 116.4
9 8 Min Reqd* 3.75 0.25 ' 66.1 10.1 42.3 118.5

*(0.25 g accel limit)

F ig u re  7-7. E ffec t o f  R id e  Q u a lity  on  V eh ic le  Trip T im e in  S evere  a n d  L e ss  S e vere  S eg m en ts



Ride quality levels and associated curve design has a significant effect on the trip time in severe 
segments. This is primarily due to the higher speed and g-loads used in turns for the Minimum 
Required ride quality case. This resulted in shorter spirals for curve entries and exits, and longer 
minimum radius sections in the optimized curve geometry. A secondary effect is due to the higher 
maximum accel rate allowed. Figure 7-8 shows the graphical representation of the trip time 
variations due to ride quality selection. The upper curve represents trip times for Design Goal ride 
quality where as the lower curve represents trip times for Minimum Required ride quality. Over the 
range of car maximum power ratings, the trip times for Minimum Required ride quality is about 8 min 
shorter than that for Design Goal ride quality (a 6 percent difference).

Figure 7-9 shows the overall effect of varying both ride quality and maximum car power on the trip 
time. Increase in both car power ratings and ride quality severity gives an overall saving of up to
15.2 min in travel time, an 11.5 percent improvement.

7.6 Specific Power Consumption

In this report, the power consumption unit of kWh per car per km is termed the specific power 
consumption. There is a potential for about 25 percent reduction in specific power consumption, 
particularly in Segment 1, if regenerative braking with a fully receptive line is considered. The 
regenerative braking potential is not included in the reported specific power consumptions. Table
7-3 lists the specific power consumptions for the first eight cases discussed in Section 6. The specific 
power consumptions for one-car consist cases are higher than eight-car consist cases due to the design

E ffect o f  R ide  Q u ality  on T rip  Time

Figure 7-8. Effect o f Ride Quality on Vehicle Trip Time

7-11



130

124

~  118 H
'5'
E
f—
Q.
H 112

106

100

i

§i
5 3.75 2.5

Max Propulsion Power/Car (MW) ■

Design Goal Minimum Required

Figure 7-9. Combined Effect o f Ride Quality and Car Power 
Ratings on Vehicle Trip Time

and aerodynamic factors. For the complete range of eight-car consist runs, the specific power 
consumption changes only by 14.5 percent from the minimum of 6.2 kWh/car-km at 2.5 MW 
maximum car power using Design Goal ride quality to the maximum of 7.1 kWh/car-km at 5 MW 
maximum car power using Minimum Required ride quality. Note again that “car power” is pure 
propulsive power, with “hotel” power and 5 percent line losses added for “total” power consumption.

Figure 7-10 shows the specific power consumption for all maximum car power ratings and both 
the ride qualities. The graph shows that increasing maximum car power ratings result in about a 
3 percent change in the specific power consumption, while at lower maximum car power ratings, the 
variation is less.

A last comparison can be made of the specific energy consumption over the different route 
segments. While data for all the cases are available at Foster-Miller, an example (see Table 7-4) using 
the mid-range value of 3.75 MW propulsion power per car will demonstrate the effect.

Table 7-4 shows the expected higher specific energy consumption required in the sections 
containing frequent curves and grades such as Segment 1. The frequent accels, decels and grades 
consume energy at a rate 25 to 30 percent greater than the gentler Segment 2 or the flat and straight 
Segment 3, even though average speeds are lower.



T able 7-3. S p ec ific  P o w er  C o n su m ption

Power Consumption

Case
Number of 

Cars in
Maximum

Propulsuion kWh/consist-
No. Consists Ride Quality Power/Car

(MW)
kWh/car-km km

1 1 Design goal 7.5 12.9 12.85
2 8 Design goal 2.5 6.2 49.8
3 8 Design goal 3.75 6.7 53.49
4 8 Design goal 5.0 6.9 55.11
5 1 Min reqd 7.5 13.4 13.42
6 8 Min reqd 2.5 6.2 49.92
7 8 Min reqd 3.75 6.8 54.31
8 8 Min reqd 5.0. 7.1 56.69

8 t
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0-
2.5 3.75 5

Power/Car (MW)

Design Goal Minimum Required

Figure 7-10. Combined Effect o f Ride Quality and Car Power Ratings 
on Vehicle Specific Power Consumption



T able 7-4. S p ec ific  P o w er  C o n su m p tio n  f o r  D iffe re n t S S T  R o u te  S eg m en ts

- Total Specific Energy Consumption 
(Watt-hr per Passenger-km)

Case
No. Ride Quality

Segment 1 
(398 km)

Segment 2 
(70 km)

Segment 3 
(330 km)

Route
Average

3 Design goal 103 8 2 .i" 74 89.1

7 Min reg 106 83 74 90.6

Note: 3.75 MW  maximum propulsion power/car, 8-car consist, 75 pax/car.
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8. CONCLUSIONS & RECOMMENDATIONS

8.1 Conclusions

The tasks carried out in this project and the conclusions that have been reached to date can be 
summarized as follows:

• A semi-automated route characterization method based on the ride qualities has been developed. 
Two characterized routes, SSTLEFT and SSTMID have been developed using this method.

• Both the characterized routes (SSTLEFT and SSTMID) conform to the government ride quality 
specifications, including jerk rates, as evidenced by an analysis using state-of-the-art dynamic 
simulation program MAGSIM, discussed in Part n.

• The PDI-TPC program was enhanced to carry out Maglev simulations. The enhanced TPC 
results were checked using Foster-Miller trial route. The SST simulations were carried out after 
finding the results satisfactory.

• The complete performance evaluation simulations of the Maglev vehicle over the SST routes 
(SSTLEFT and SSTMID) have been carried out using the PDI-TPC program, and the results are 
presented in this report. Several runs have been documented to facilitate tradeoff analysis.

• The average run time of the Maglev vehicle over the 800 km SST route is approximately 2 hr. 
The minimum run time achieved using “Minimum Required” ride quality is 116 min and the 
maximum run time with more comfortable “Design Goal” ride quality is 132 min.

• For the more severe segments, maximum car power ratings in excess of 5 MW per car have little 
effect on the trip time. In less severe segments maximum car power ratings above 2.5 MW per 
car have little effect on the trip time. The recommended rating for full route use is 3.5 to 4.0 MW 
per car.

• The specific power consumption is between 6.2 to 7.1 kWh per car-km or only 82 to 95 watt-hr 
per psgr-km, without regenerative braking. This is significantly lower than many other high 
speed transportation systems, including some existing Maglevs. This can be attributed to high 
levitation and LSM efficiencies, regeneration capability, and aero drag control.

• Headway required between consists over the SST route to achieve 9600 psgr/hr in each direction 
has been evaluated. For eight-car (600-seat) consists with 225-sec headway, the minimum 
consist separation encountered along the route is 15.7 km, and is considered well within safety 
guidelines. For four-car consists at 112-sec headway, the minimum consist separation over the 
route would be about 7.9 km. This condition still permits safe braking of the consist under a worst 
case degraded mode condition.
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If desired, the performance and curve design studies for the “Seat/Belt” ride quality parameters 
could also be carried out using the same procedure used for the Design Goal and Minimum Required 
ride quality studies. The trip time for such a severe route with this very aggressive ride quality is 
estimated to be 110 min.

8.2 Secondary Applications of SST Route Definition

The work performed at Foster-Miller using the Severe Segment Test route characteristics utilized 
this valuable source of data during the study phases of power systems, vehicle design, and guideway 
design. The trial route study data had previously been used in understanding the vehicle power 
requirements, the regenerative braking viability studies, and cost estimation of the guideway for 
single track versus two-track designs.

8.3 Foster-Miller Recommendations

The trip time of 120 min over the SST route, using both an economically sized propulsion system 
for 3.5 MW peak propulsion power and lightweight titling body vehicles is certainly satisfactory, 
especially considering that the minimum possible trip time for an 800 km straight route using a cruise 
speed of 134 m/sec is still 101 min (allowing for accel and decl). However, this used the Minimum 
Required ride quality parameters (including optimized curves) which if adopted, might be too severe 
for passenger acceptance. By the same token, use of the Design Goal ride quality results in about 
8 min longer trip time than for the Minimum Required quality for the range of powers considered, 
about a 6 percent increase.

Using the Foster-Miller analysis tools now developed, further reductions from the Design Goal trip 
times could be made by selectively relaxing some of the parameters in conjunction with the 
government to see the maximum payoff for the least effect on passenger comfort. These might 
include (1) the bank angle limitation of 24 deg; (2) Negative vertical g-limit of -.05g (actually 
+0.95g); and judicious experimentation with roll rate and roll accel. Since the analysis methods 
include power consumption data, these could be traded off against incremental energy savings. 
Studies could be confined to a portion of the route, probably using the first segment

Another worthwhile area to address would be the streamlining of the Foster-Miller/PDI curve 
design/TPC analysis itself. While we believe the methodology itself is direct, sound and reasonably 
efficient, the current approach uses multiple algorithms and programs requiring human intervention 
at many points. Though this produces proper results, it requires checking for data errors and also 
some duplication of information along the way, which is magnified when producing the large data 
sets required for detailed route geometry and speed information. We recommend that this procedure 
be more fully automated in order to take advantage of the capability for more efficient study of 
multiple routes, and to do tradeoffs over these routes to highlight, for example, particular geometry 
changes which might have large payoffs in speed and trip time.

In the longer term, some of the more detailed operational characteristics of an actual Maglev system 
in commercial passenger service will have to be considered in terms of how they affect both capital 
and operating costs. Foster-Miller's System Concept Design Study touches on several of these in 
Chapter 6, including both realistic dwell time requirements and station designs, and the potential for 
single-track operation in typical U.S. intercity markets. Foster-Miller's work on this study could be 
easily extended into a parametric study of these issues, using the curve design, TPC, and operating 
cost methodologies employed for this report in conjunction with both PDI's single-track analysis 
techniques and demand estimates already completed for various public agencies for specific intercity 
corridors. Use of a passenger demand estimate from'an actual corridor would also greatly facilitate 
intermodal cost comparisons, for reasons discussed in subsection 10.7.
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9. D ETA ILED  D YN AM IC RID E ANALYSIS

9.1 Introduction

The consideration of ride quality through specific sections of the SST route is separated into two 
parts. First, the dynamic response to guideway irregularities is considered, using the specification 
and comfort limits by the International Standards Organization (IS O) and a number devised by Peplar 
et alia. Secondly, the effect of curve design is assessed in terms of the parameters specified. The 
manner of determining the response of the system in each case is through a multibody system 
simulation, given the name MAGSIM. For the assessment of ride quality using the ISO standard, 
the results are further processed into one-third octave bands using the programs DADiSP to 
transform to the frequency domain and Lotus 1-2-3 for final calculation and plotting. MAGSIM 
includes a coupled two-dimensional model of each magnet-to-guideway connection. The vehicle 
model used to find the ride quality includes three bodies and two bogies with the ends of the extreme 
bodies and remote suspensions forced to follow the guideway.

The approach to suspension design has been to separate the body and bogie modal frequencies and 
to optimize the damping between them. Damping is provided across the secondary suspension and 
has been chosen to be sufficient to reduce the bogie mode amplitudes, while being small enough not 
to transfer energy at the lower body mode frequencies. Roll control is undertaken using an antiroll 
bar and damping. An additional set of dampers was used between bodies to improve the ride quality 
and reduce pitching of the bogie and bodies. The ride quality requirements have thus been satisfied 
with a passive system.

The Severe Segment Test, previously called the hypothetical route, contains a range of geometries, 
including tight horizontal curves. The requirement for stops and switching leads to vertical 
movements having a similar effect in the vertical plane. To satisfy all conditions of speed and 
curvature, a combination of guideway and vehicle tilting has been chosen and its effect is included 
in the results given.

The four particular zones studied will be referred to as zones 1, 2,3 and 4 are:

1. 2 km on either side of PI17.
2. From PI25 to PI26.
3. From station 391 + 000 to 395 + 000.
4. From station 445 + 000 to 449 + 000.

9.2 Particulars of the Vehicle and Guideway Design Over All Zones

The interaction between the vehicle and guideway perturbations depends predominantly on 
coupling caused at appropriate speeds by the near coincidence of a guideway wavelength with a 
wavelength of the vehicle natural response. Simulations using MAGSIM have been carried out to 
identify the most likely vehicle behavior for continuous guideway perturbations assessed to be the 
most severe possible from the worst case stackup of static and dynamic beam deflections. The results 
are therefore worst case results and will only be seen under a combination of adverse effects.



In the vehicle design, reported previously and labeled “Maglevj,” studies had shown the benefit of 
moving the secondary suspension to the ends of the bogie to control the pitch and yaw modes of the 
bogie. The resulting body modal frequencies were also reduced by decreasing the airbag stiffness. 
Several runs were made and reported in the general report to identify satisfactory passive linear 
damping values. In the design used in the results reported here, additional dampers have been 
attached vertically between adjacent body comers to control pitch and the design is labeled 
“Maglevk.”

The guideway design consists of support beams containing all the reacting coils, one beam for each 
side. Each beam with its guidance coils are a source of dynamic events and control the direction of 
the vehicle, as well as responding to the forces generated. In the MAGSIM analysis reported, they 
are treated as a source to the vehicle and its suspensions. The effect of particular deviations from 
smooth vertical and lateral guideway surfaces is a consequence of their amplitude, shape and 
wavelength. The shape is associated with the beam as a dynamic structure and is shown in Figure 
9-1.

The principal wavelength of the guideway, even with a 54m beam length, is that between supports 
or 27m. The amplitude of the frequency component of the shape at this wavelength is reduced by 
the continuity of the beam as the span center. The beam length wave has a much smaller amplitude 
and others exist at higher multiples which are generally not a ride quality issue in the speed range. 
Amplitudes of 10 mm vertically and 4 mm laterally were used for the simultaneous excitation from 
the continuous beam shape. These values were chosen from a study of the beam deflections and 
tolerance stackup. This represents a conservative approach, since the guideway tolerance and 
deflection stackup is assumed to be taken in the worst (maximum) combination. The beam length 
is 54m over two spans with supports at its center and at the junctions with adjacent beams at each end, 
forming the “alternating continuous” 27m span arrangement that is the baseline design.

BEAM INPUT SHAPES

Vertical

Figure 9-1. Guideway Shape Used to Investigate Ride Quality
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9.3 Simulation Results for the ISO and Peplar Numbers Over the Four Zones

Ride qualities were examined for lateral and vertical comfort at the center and leading end of the 
body, representing the extreme case. (There are no seats that far forward and the values quoted for 
the leading end are not used in assessing the adherence to the specification but rather to give an 
extreme upper tolerance value to the results). A range of speeds was investigated from 200 km/hr 
to 500 km/hr and the results given in Figures 9-2 to 9-9 are for 200, 250, 300, 450 and 500 km/hr. 
The project speeds in the zones are 211,263,274 and 483 km/hr, respectively, and are intepolated 
from the table given. The speed varies in the energy and exit spirals, although the MAGSIM 
simulation is carried out at constant speed.

Table 9-1 shows a summary of the ISO results as times to discomfort. Only at the highest speed 
in the vertical direction is the specified ISO standard not well satisfied, better than 8 hr being usual. 
The 1 hr to reduced comfort required in the specification is not good enough for most other existing 
modes of competing transportation and a high value is desirable if not essential for passenger 
acceptability.

In order to calculate the number suggested by Peplar et alia., it is necessary to know the vertical 
and lateral acceleration and the roll rate as rms values. They are shown in Table 9-2, for the same 
variables as the ISO analysis above.

The conclusions for the four zones are shown in Table 9-3.

ISO S t a n d a r d  f o r  L a t e r a l  R i d e  Q u a l i t y
3rd Octave Points on D iscom fort Lines

Figure 9-2. ISO 3rd Octave Band RMS Lateral Acceleration at 200 km/hr 
Vehicle Body Center - Continuous Beam Shape
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I S O  S t a n d a r d  f o r  V e r t i c a l  R i d e  Q u a l i t y
3rd Octave Points on Discomfort Lines

Figure 9-3. ISO 3rd Octave Band RMS Vertical Acceleration at 200 km/hr 
Vehicle Body Center - Continuous Beam Shape

ISO S t a n d a r d  f o r  L a t e r a l  R i d e  Q u a l i t y
3rd Octave Points on D iscom fort Lines

Figure 9-4. ISO 3rd Octave Band RMS Lateral Acceleration at 250 km/hr 
Vehicle Body Center - Continuous Beam Shape
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I S O  S t a n d a r d  f o r  V e r t i c a l  R i d e  Q u a l i t y
3rd Octave Points on Discomfort Lines

Figure 9-5. ISO 3rd Octave Band RMS Vertical Acceleration at 250 km/hr 
Vehicle Body Center - Continuous Beam Shape

ISO S t a n d a r d  f o r  L a t e r a l  R i d e  Q u a l i t y
3rd Octave Points on D iscom fort Lines

Figure 9-6. ISO 3rd Octave Band RMS Lateral Acceleration at 300 km/hr 
Vehicle Body Center - Continuous Beam Shape
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II S O  S t a n d a r d  f o r  V e r t i c a l  R i d e  Q u a l i t y
3rd Octave Points on Discomfort Lines

Figure 9-7. ISO 3rd Octave Band RMS Vertical Acceleration at 300 km/hr 
Vehicle Body Center - Continuous Beam Shape

ISO S t a n d a r d  f o r  L a t e r a l  R i d e  Q u a l i t y
3rd Octave Po ints on D iscom fort Lines

Figure 9-8. ISO 3rd Octave Band RMS Lateral Acceleration at 500 km/hr 
Vehicle Body Center - Continuous Beam Shape
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I S O  S t a n d a r d  f o r  V e r t i c a l  R i d e  Q u a l i t y
3rd Octave Points on Discomfort Lines

Figure 9-9. ISO 3rd Octave Band RMS Vertical Acceleration at 500 km/hr 
Vehicle Body Center - Continuous Beam Shape

Table 9-1. ISO Ratings for the Speeds and Locations Given

Speed
km/hr

Center Lat 
hr

Center Ver 
hr

Front Lat 
hr

Front Ver 
hr

200 8+ 8+ 6 6

250 8+ 8 8+ 7

300 8+ 8+ 8 8

450 8+ 6 8+ 4

500 8+ 1.5* 8+ 3*

*lt should be noted that the 1.5 hr simulated at 500 km/hr is a  consequence o f  

the estimated severest continuous input and the deterioration with speed occurs 
very suddenly at the top end of the speed range. Further small adjustments to 
the secondary suspension may be desirable to drive the region of poor response 
slightly higher. It is also recommended that a  more detailed examination be 
made of the effect of a  varying input amplitude for the beam shape at each 
beam.
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Table 9-2. RMS Values for the Speeds and Locations Given

Speed
km/hr

Center Lat 
g rms

Center Ver 
g rms

Front Lat 
g rms

Front Ver 
g rms

Roll Rate 
deg/sec rms

200 0.014 0.036 0.048 0.076 0.070

250 0.017 0.039 0.040 0.068 0.055

300 0.020 0.056 0.054 0.070 0.047

450 0.039 0.071 0.076 0.127 0.065

500 0.048 0.115* 0.089 0 .100* 0.102

*lt is worth noting that the ISO and Peplar ratings are consistent although in the analysis 
carried out, the response frequency band widened due to modal coupling and showed a much 
greater increase in the ISO time to discomfort than suggested by the reduction in the Peplar 
number.

Table 9-3. ISO and Peplar Summary for the Four Test Zones

Zone No. Worst ISO (hr) Direction Peplar No.

1 8+ Both 2.517

2 8+ Both 2.664

3 8+ Both 2.748

4 2 Vert 4.111*

*lt is worth noting that the ISO and Peplar ratings are consistent although in the 
analysis carried out, the response frequency band widened due to modal 
coupling and showed a much greater increase in the ISO time to discomfort than 
suggested by the reduction in the Peplar number.

9.4 Ride Quality Assessment in Response to Unperturbed Guideway Design

In addition to the perturbations g iv in g  the ride quality above, the path o f  the gu idew ay consists o f  
curves, transitions and straight sections. A s an exam ple, the first ride quality zone o f  the Severe  
Segm ent Test, requires a speed o f  2.11 km /hr in a curve o f  1 km  radius and a total tilt o f  the car body  
o f  14 deg to provide a mean unbalanced lateral acceleration no greater than O .lg. T he resulting  
increase in w eigh t is  about 6 percent. T he unbalance o f  O.lg is  specified  as the design  target with 
values to 0 .2g  in extrem e cases d iscussed  later. The results o f  studies o f  the v eh ic le  response in the
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four zones are given below. The third zone is dominated by a 13.5 percent change in gradient. The 
other three zones all have significant horizontal curves. The vehicle suspension, in Maglevk, has 
been improved in the curves through the addition of lateral interbody dampers.

The second zone includes the exit of an 800m curve and the entrance to a 100m curve. Since they 
are both significant, for analytic convenience they have been treated separately and are labeled 2a 
and 2b. The acceleration histories in curve 2a are used as an example and given in Figures 9-10 and 
9-11. A summary of the results of all the simulations is given in Table 9-4.

As a comparison with the “ride quality design goal specification” guideway, a single simulation 
was carried out for the guideway designed for the “minimum required condition” specification, the 
most severe permitted without die use of seatbelts. The first curve, 2a, in zone 2 is simulated. The 
speed identified for this curve in the redesigned condition is 245 km/hr and the acceleration histories 
are given in Figures 9-12 and 9-13.

The complete results show a dynamic roll acceleration approaching 40 deg/sec2, a mean lateral 
acceleration in the curve of 0.2g, a mean vertical acceleration overload of 0.16g and a lateral jolt of
0.18g in 1 sec. The severity of this ride quality supports its use only under the extreme conditions 
specified.

9.5 Conclusions

The current vehicle concept, with additional improvements labeled Maglevk, is shown to provide 
the “design” ride quality specified with a marginally greater jolt at a single location in the very short 
curve at the beginning of the second test zone. Further small improvements could be made with 
further development, without resorting to active suspensions (other than banking). Higher speeds

First Curve in Zone 2
Moglev Consist K at 200 kph

Figure 9-10. Body Lateral Acceleration during the Curve 2a from  
Zone 2 o f the Severe Segment Test
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I
First Curve in Zone 2

Maglev Consist K at 200 kph

Figure 9-11. Body Vertical Acceleration during the Curve 2a from  
Zone 2 o f the Severe Segment Test

Table 9-4. Summary o f Ride Quality Data from Simulations through the Zones fo r Design
Specified Ride Quality Guideway Design

Variable
Zone 1 

210 km/hr
Zone 2a  

200 km/hr
Zone 2b 

260 km/hr
Zone 3  

275 km/hr
Zone 4  

500 km/hr

Roll acc deg/sec2 12 15 11 - 7

Lateral acc g's 0.1 0.1 0.1 - 0.06

Vertical acc g's 0.06 0.07 0.13 0.05 0.02

Lateral jolt g/sec 0.07 0.09* 0,02 - 0.04

Vertical jolt g/sec 0.04 0.04 0.05 0.05 0.02

‘ This value is marginally greater than the jolt limit in the specification.
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First Curve in Zone 2

Maglev Consist K at 245 kph

Time into run (se c s)

igure 9-12. Body Lateral Acceleration during the Curve 2a from  
Zone 2 o f the Very Severe Segment Test

First Curve in Zone 2
Maglev Consist K at 245 kph

Time into run (se c s )

Figure 9-13. Body Vertical Acceleration during the Curve 2a from  
Zone 2 o f the Very Severe Segment Test
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than those consistent with the “design” ride specification, as expected, result in reduced ride comfort. 
Further consideration and analyses are desirable on the effect of randomly varying beam deflection 
between spans, modified shapes to the transitions and the coupling between guideway and vehicle 
frequencies.

The secondary suspension choice is dependent on the characteristics of the magnets and the 
MAGSIM coupled two-dimensional model for these is working well. The simulation program 
MAGSIM has the proven capability of allowing design parameters to be investigated for ride quality 
assessment as is indicated in the study undertaken.
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